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S u m m a ry .
This thesis describes the use o f enzym es to partially 
deprotect or deprotect sugars. The advantages of this technique 
are that mild conditions may be used for the protections and 
that enzymatic catalysis may allow derivatives to be made 
which involve m ulti-step procedures or cannot be made using 
standard methods. T hese protected sugars can then be used to 
synthesise interesting derivatives. The particular aim of this 
project at the outset w as to use biotransform ations to  make 
partially protected derivatives for the synthesis of a novel 
artificial sw eetener, l ',4 ,6 '- tr ich lo ro -r ,4 ,6 '- tr id eo x y -g a /ac to -  
sucrose, known as sucralose.
The analysis o f the products from a deacetylation reaction 
is a potential problem due to  the number of possible products 
that may be formed. A  new approach to this problem is 
discussed in Chapter Tw o. A combination o f n.m.r. and mass 
spectrometry is used to  analyse the products after they have 
first been perdeuterioacetylated by treatm ent with d 6 -ace tic  
anhydride. The analysis is therefore carried out on one 
compound, the starting  material, now containing deuteriated 
acetate groups in p lace o f those that w ere hydrolysed during 
the reaction.
The technique w as used initially to  analyse the 
deacetylation o f sucrose octaacetate ca talysed  by yeast esterase. 
The selectivity of the enzym e for certain positions of the sugar 
may be determined in this way but little information can be 
found about the individual species that are formed. The 
technique can be considerably enhanced by the introduction of 
a chromatographic separation step. The separation of the 
deacetylation mixture in to  classes, according to the number of 
acetate groups, allows a much more detailed analysis of the 
individual components to  be carried out. If  the reaction shows a 
certain amount of selectivity  then it is possible to determine the 
quantity of each of the  individual species. This technique is 
used to analyse the deacetylation of glucose pentaacetate 
catalysed by A spergillus niger  lipase. The deacetylation of 
sucrose octaacetate ca talysed  by yeast esterase is also analysed 
in the same way.
Chapter Three describes the conversion of N-acetyl- 
glucosamine to N -acetyl-galactosam ine. This is of interest due to 
the importance of this sugar in biological systems and its high 
cost relative to the starting material. The synthesis involves the 
use of an enzyme catalysed deesterification to make a partially 
protected interm ediate , dem onstrating the practical application 
of biotransformations in the synthesis o f  sugar derivatives.
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C h a p te r  One:  In t roduc t ion .
1.1; The properties of sugar derivatives.
The occurrence of sugars and their derivatives in natu re is 
extrem ely widespread. As one o f the most important c lasses of 
com pounds their various functions include uses as structural 
com ponents, for energy storage and as components of cell 
surfaces to name but a few .1 In addition to these natural 
properties they have found uses as sweeteners, surfactants, 
em ulsifiers and tobacco im provers.2»3.4*5 Sugar derivatives have 
also been found to have medicinal properties such as an ti­
tum our ac tiv ity .6»7»8
The importance of glycoproteins and glycolipids as 
binding sites, o f oligosaccharides for sorting proteins, and the 
effects caused by the modification of glycoproteins mean that 
current interest in the synthesis of sugar derivatives is h igh.
O f particular interest to this project has been the 
synthesis o f artificial sweeteners. The market for non-calorific 
high-intensity sweeteners is very large and uses of these 
sw eeteners include the enormous soft drinks market together 
w ith many other food applications.9 At present there are 
several high intensity sweeteners on the market including 
saccharin, the dipeptide ester aspartame, otherwise known as 
N utrasw eet, and cyclam ate10 (Fig. 1.1, Table 1.1).
Cyclamic Acid
O ' + N H 3
V  >*=0
•• C02Me 
Ph
Aspartame
'-I I'ir i,
° v > c 
>
Fig. 1.1: The structures of some common sweeteners.
A sp a rta m e  1 0 0 -2 0 0
Saccharin  1 0 0 -7 0 0
C yclam ate 3 0 -8 0
N eohesperidin d ihydrochalcone 2 0 0 0
Table 1.1: The relative sweetnesses of some sweeteners. 
(su c ro se = l)
2
However, these sweeteners have certain  drawbacks 
arising from problems with toxicity and unsuitability  for certain 
ap p lica tio n s .9*11 There is therefore a potential market for a 
novel sweetener provided that it can overcom e these 
shortcomings. The aim of the work described in this thesis is 
directed at the synthesis of chloro-sugar derivatives which are 
im proved artific ial sweeteners.
1.2: Sweetness and chloro-suga».
The chemical modification of sugars leads to compounds 
that may be sweet, bitter-sweet or bitter. N o substantial 
enhancement o f the sweetness of the parent sugar had been 
observed until in 1976 Hough and Phadnis discovered that 
certain halogenated derivatives o f sucrose had modified 
sw e e tn ess .12 The r ,4 ,6 ,6 '- te tra ch lo ro -r ,4 ,6 ,6 '- te trad eo x y - 
g a la c to -sucrose was found to  be intensely sweet, with a 
sweetness comparable to that of saccharin, but with the 
advantage o f not having an unpleasant aftertaste .13 A study of a 
series of these derivatives revealed some intensely sweet 
compounds in contrast to the effect o f halcgenation on other 
su g ars14 (Table 1.2). This series of sim ilar compounds also led to 
some understanding of the structural features that contribute to 
the sweetness of a particular compound and o f the sweetness 
receptor site.
3
S U G A R RELATIVE SWEETNESS
S ucrose  1
l '-C h lo ro - l 'd e o x y -s u c ro s e  2 0
4 -C h lo ro -4 -d eo x y -g a lac to -su c ro se  5
6 -C h lo ro -6 -d eo x y -su c ro se  b i t te r
6 '-C h lo ro -6 '-d e o x y -su c ro se  2 0
4 ,r - D ic h lo ro - 4 , l ’-d ideoxy -ga lac to -sucro se  120
4 ,r ,6 '-T r ic h lo ro -4 , 1 ,6 '-trideoxy-ga lac to -sucro se  65  0
r ,4 '-D ic h lo ro - r ,4 '-d id e o x y -g a la c to -su c ro se  3 5 0 0
r ,4 ',6 '-T r ic h lo ro - r ,4 ',6 '- t r id e o x y -g a la c to -su c ro se  1 00
4 ,l ',6 '-T r ic h lo ro -4 '- io d o -te tra d e o x y -g a la c to -su c ro se  7 0 0 0
Table 1.2: Relative Sweetness of Deoxyhalo Derivatives of 
Sucrose.
Fig. 1.2: The postulated AH, B system for sweet taste.
In 1967, Shallenberger and A cree proposed that 
sweetness was associated with two structural com ponents.15 
These structural com ponents consisted of a hydrogen bond 
donor, AH, and a hydrogen bond acceptor, B, separated by a 
distance of approximately 2A (Fig. 1.2). These two components 
were postulated to  initiate the sweet taste by in te rm o d u la r  
hydrogen bonding with a similar "glucophore" on the receptor 
site. In a sugar these structural components are usually
4
hydroxyl groups. However the role m ay be perform ed by other 
groups for example the halogen atom s in halogenated 
d e r iv a tiv e s .
L-Asparagine (tasteless) D-Asparagine (sweet)
Fig. 1.3: Superpositioning o f D- and L-asparagine over the same 
AH.B.X receptor site showing the effec t of stereochemistry. In D- 
asparagine the structure may be superim posed on the AH.B.X 
glucophore. In L-asparagine the change in the conformation 
means that the X component is no longer in the required 
position .
Sweetness can however be affected by the 
stereochemistry of a molecule. This can be observed in the 
amino acid asparagine where the D -form  is sweet and the L- 
form tasteless (Fig. 1.3). To allow for this variation, Kier 
proposed a third binding site, X, located 3.5Â from A and 5.5Â 
from B which was proposed to be hydrophobic in nature16(Fig. 
1.4).
5
Fig. 1.4: The AH.B.X tripartite system proposed by Kier.
It was presumed that a hydrogen substituent fulfilled 
this role in sugars. Replacement of this substituent by a chlorine 
atom would be expected to increase the lipophilicity of the 
molecule and so facilitate the binding of the molecule to the 
receptor site. In sucrose the AH.B.X glucophore was proposed to 
be located on both the glucosyl and the fructosyl units.This was 
due to the relatively low sweetness of a ,a -trehalo se , m ethy l-a - 
D-glucopyranoside and p-D-fructofuranose which all contain 
either a glucose or a fructose component but not both 
to g e th e r .11 Selected hydroxyl groups in sucrose were then 
replaced by chlorine atoms using sulphonyl chloride in pyridine. 
It was found that the C - l \  C-4 and C-6’ positions were 
im portant for the enhancement of sweetness (Fig. 1.5). The 
com bination of substitutions at these positions gave increased 
sweetness and the derivative with all these positions 
chlorinated (the C-4 position with inversion of configuration) 
gave the sweetest compound in the series. The l'-chloro-
6
substituent can only behave as a hydrogen bond acceptor and 
so must be the B unit. The equatorial hydroxyl group on C-2 
acts as the hydrogen bond donor, AH. The chloro- group at C-4 
represents the lipophilic group X.
1',2,6’,-glucophore of the r,4,6’-trichloro 
derivative of sucrose.
Fig. 1.5: The two glucophores of r ,4 ,6 '- tr ich lo ro -r ,4 ,6 ’-trideoxy- 
ga lac to -sucrose.
The r ,4 ,6 '- trich lo ro -r,4 ,6 '-trideoxy -ga /ac r£ )-sucro se  has 
low toxicity (the LD50 in mice was greater than could be 
administered) is non-calorific as it is not metabolised and offers 
the prospect o f reduced dental caries. This particular derivative
7
has been patented under the name "sucralose" by Tate & Lyle 
for use as an artificial sweetener.17-18
All these interesting properties have increased the 
interest in the synthesis of sugar derivatives. There are, 
how ever, d ifficu lt problems to be overcom e in the synthesis of 
these derivatives using classical techniques.
U ;  Selectivity, in  the synthesis of sugar derivatives.
O f particular relevance to this project have been the 
problem s o f selectivity in synthesis. H igh regioselectivity and 
stereoselectivity  are required in the synthesis o f sugar 
d e r iv a tiv e s .4 This is a difficult task to achieve owing to the 
presence of several functional groups which in the free sugar 
are generally  hydroxyl groups. U nsubstitu ted  monosaccharides 
contain five such hydroxyl groups. Di- and oligo- saccharides 
contain  correspondingly more. These groups have 
com paratively sim ilar reactivities w hich creates problems with 
se le c tiv ity .
To achieve the required selectivity using classical 
techniques involves the use of sequential protection and 
deprotection steps often necessitating the use o f several 
d ifferent steps and a variety of protecting groups to provide the 
required level o f protection. This of course can result in very 
long and com plicated syntheses with a consequent reduction in 
y ie ld s .
O ther problem s encountered are the construction of 
glycosidic linkages with good selectivity with respect to the
anomeric and positional isomers and the insolubility o f many 
sugars in the solvents commonly used in organic synthesis.
1.4; Chem ical deprotection.
One method for preparing sugars with the required 
protection has been the deprotection of fully protected sugars 
by chem ical m ethods to give the partially protected derivatives. 
There have been several reports of the deacetylation of 
peracetylated sugars to give partially deacylated p roducts.19
Fig. 1.6: The structure o f sucrose octaacetate.
It has been reported that sucrose octaacetate (Fig. 1.6) 
adsorbed onto alum ina from chloroform for 46 hours then 
eluted gave a com plex mixture of products.20 The r,2 ,3 ,3 ',4 ,4 ',6 - 
hepta-O -acety l sucrose was separated from this m ixture in 9% 
yield. Three further heptaacetates were observed, two o f which 
were identified as r,2 ,3 ,3 ',4 ',6 ,6 '-hepta-(9-acetyl sucrose (2.7%)
O A c
O A c
O A c
9
and r ,2 ,3 ,3 ',4 ,6 ,6 '-hep ta-0 -ace ty l sucrose (6%), indicating the 
hydrolysis of secondary as well as prim ary acetyl positions.2 1
A regio- and stereoselective deacylation o f peracylated 
glucopyranosides at the anomeric position, leading to the 1-OH 
derivatives was reported by Fiancor et. al. using am monia in an 
aprotic solvent such as acetonitrile.22 The derivatives were 
formed with the a-configuration  unlike previous deacylations at 
the anomeric position which were reported to lead to  anomeric 
m ix tu res .
Further work on the deacetylation o f sucrose octaacetate 
was carried out by Capek et. al. who treated a methanolic 
solution of sucrose octaacetate with alum ina im pregnated with 
potassium  carbonate.23 The major fraction (approximately 34%) 
was identified as a mixture of hexaacetates, the major 
com ponent being the r ,2 ,3 ,4 ,6 ,6 '-hexa-0 -ace ty l sucrose and the 
minor product being identified as the 2,3,4,4 ',6,6’-hex a-0 -ace ty l 
sucrose. This again shows the selective hydrolysis at a 
secondary position in the presence of esters of primary 
hydroxyl groups.
Further investigations to identify whether the 
hexaacetates were formed directly by deacetylation or by 
deacetylation of a neighbouring acetyl group followed by 
migration of the acetyl group were carried out by analysing the 
heptaacetates produced.24 Three heptaacetates were identified, 
the major one being the 1',2,3,3',4,6,6 '-hep ta-0 -acety l sucrose 
which together with the r ,2 ,3 ,4 ,4 ’,6 ,6 '-hep ta-0 -acety l sucrose 
could be further deacetylated to give the major hexaacetate 
product. The third heptaacetate identified was the 
2 ,3 ,3 ',4 ,4 ',6 ,6 '-hep ta -0 -acety l sucrose which could be
10
deacetylated to the minor hexaacetate product. If  any other 
heptaacetates were formed then they were apparently rapidly 
deacetylated to pentaacetates or other lower acetates and so 
were not observed. It was also determined that there was no 
acetyl migration from the C-6' to the C-4' position.
Deacetylation o f acetylated monosaccharides in the 
presence of tin oxides and alkoxides has been reported using a 
variety o f non-hydroxylic solvents.25 The first deacetylation 
occurred at the C -l position. The next position to be hydrolysed 
was the C-2. This appeared to be formed directly rather than by 
acetyl migration from C-2 to C -l due to the delay in its 
appearance. The secondary positions were found to be more 
reactive than the prim ary position although the conditions did 
ultimately lead to total deacetylation. It was also found that the 
P-anomers had higher reactivities than the a -a n o m e rs .
Another group has reported the production of the 
r,2 ,3 ,4 ,6 ,6 '-hexa-0 -ace ty lsucro se  in 20% yield by the 
deacetylation of sucrose octaacetate using prim ary am ines.26 It 
was again demonstrated that there was no migration between 
the C-4' and the C-6' positions, and that the secondary positions 
were more reactive with respect to hydrolysis than the primary 
positions. The partial deacetylation o f a-D -g lucose  pentaacetate 
has been effected using cold 1M potassium hydroxide yielding 
6 -0 -ace ty l-a -D -g lu co se .27
Cellobiose octaacetate may be deacylated by reaction with 
piperidine (Scheme 1.1), as may glucose pentaacetate.28 In both 
cases the product formed is deacetylated at the C-2 position and 
piperidine is substituted in at the C -l position. There is
evidence that the deacetylation occurs before the piperidine 
su b stitu tio n .
OAc OH
Scheme 1.1: The reaction o f cellobiose octaacetate with 
p ip e rid in e .
However, these methods of deacetylation are restricted 
both in the position of hydrolysis and the selectivity, leading to 
poor yields of individual partially deprotected derivatives. This 
is particularly true o f deprotection in the glucosyl portion of 
sucrose.
L I  Acvl migration.
There are many examples of intramolecular migrations of 
substituent groups in carbohydrate molecules.29-30 Many of 
these involve the migration of acyl groups. These are obviously 
a potential nuisance as migration may mean that any selectivity 
in a reaction is lost through isomerisation of the product.
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Fig. 1.7: Acyl migration via  an ortho-acid intermediate.
A cyl migrations appear to  have been originally discovered 
by Fischer, who proposed that the mechanism in diols 
proceeded via an orthoacid interm ediate .31 (Fig. 1.7) The 
intram olecular nature of the migration was established by a 
radioactive labelling study .32 The acyl migrations may be either 
acid or base catalysed and the conditions of many deacylations 
provide suitable conditions for m igrations to occur.33
The rate of the acyl migration depends on several factors 
such as the solvent, the pH of the medium and the proximity 
and configuration of the tw o centres involved in the 
m ig ra tio n .34*35-36-37 The products are often unpredictable owing 
to the occurrence of successive migrations.
Acyl migrations often involve the migration of a group 
from a secondary to a primary position. Acyl groups attached to 
any o f the oxygen atoms in a D-glucose ring may migrate. The 
acyl migrations in the glucose ring are most often observed in 
the direction away from C -l towards C-6 , although in theory the 
process is reversible. Examples of migration in the reverse 
direction have been observed such as the migration from C -6 to
C-4.
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Fig. 1.8: The C-4 to C-6 acyl migration.
The most stereochem ically favourable m igrations are 
those from 0 -4  to 0 -6  (Fig. 1.8) and from 0-1  in the a -  
configuration to 0 - 2  and these have been well established .29-30 
Migration between vicinal diols occurs more readily when the 
groups are cis  rather than tra n s  to each other. This is probably 
because there is less strain in the o r th o -acid interm ediate for 
cis  migrations. Migration o f  an acyl group from nitrogen has also 
been observed, as has the reverse process37-38(Fig. 1.9).
Fig. 1.9: Migration of an acyl group from nitrogen.
Work by Tsuda and Yoshimoto also confirmed the tra n s  
m igration from 0 -2  to 0 -3  although there was no observation of 
any migration between 0 -3  and 0 -4  or from P -O -l to 0 -2 .36 
M igration from 0 -3  to 0 -6  was observed in O -m yris toy l-D - 
glucose and glucosides. This migration apparently did not 
proceed via  the 0 -4  intermediate as no 0 -4  acylated 
interm ediates could be detected. There was also evidence for 
the reverse process (0 -6  to 0 -3  migration) to  a small extent. It 
was found that the O -m yristoyl-P-glucose was stable to acyl 
migration. On heating in pyridine the myristoyl group was 
observed to  migrate first to 0 -3  and then to  0 -6 , although there 
was no evidence for a direct migration from P-O -l to 0-6 .
In a study of various derivatives of sucrose at Tate & Lyle 
several migrations were observed .39 There w ere large 
differences in the rates o f these migrations. The rates of these 
migrations were found to be:-
0 -4  to 0 -6  > 0-3 to 0 - 4 , 0 - 2  to 0 -3  > 0 -3 ' to 0-1*.
It was also found that by controlling the conditions under 
which a reaction was performed the migrations could be 
prevented. For example, if  the pH of an aqueous solution of 
sugar esters was kept below 5.0 or above 8.0, migrations were 
greatly reduced. Obviously products m ust also be removed from 
solution as soon as is possible, to prevent m igrations when the 
conditions are such that they may occur.
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1,6; Enzymatic dcacylaiipns.
An alternative to chemical deacylation is to employ 
biotransform ations, which may be defined as "...selective 
enzym atic conversion o f natural or chemically synthesised 
substrates into defined products on a preparative scale using 
w hole cells or isolated enzyme system s".4***41 There are many 
d ifferent known enzymes and in 19SS the Enzyme Commission 
conveniently gave each enzyme a unique E.C. number (E.C. 
w.x.y.z.). All enzymes belong to one of six classes (w =l to 6 ) 
dependent on the type of reaction catalysed :42
(1 )  O x idoreductases
(2 )  T ra n sfe ra se s
(3 )  H ydro lases
(4 )  Lyases (elim ination)
(5 )  Iso m erase s
( 6 ) Ligases (also known as synthetases)
One of these classes, the hydrolases, consists of enzymes 
which have the potential to catalyse the hydrolysis of ester 
linkages. This class includes enzymes such as esterases, lipases 
and proteases. Esterases catalyse the hydrolysis of glycerol 
esters. However, they are also capable of hydrolysing a wide 
range of other substrates. Lipases are a special class of esterase 
which in nature act on glycerides at a membrane surface. 
Proteases naturally catalyse the formation of peptide bonds. 
H owever, they are also capable o f hydrolysing esters. The 
hydrolysis of sugar esters may be the natural activity for some
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enzymes but others, designed to catalyse other reactions, will 
also be able to catalyse these de-esterifications.
The advantages of using enzym es arise from their 
selectivity together with their ability  to function under mild 
c o n d itio n s .4 3 *44 The regio- and stereoselectivity which can be 
achieved with an enzyme can be com pletely different from 
those observed using any chem ical m ethods .45
Enzymes can therefore be used to deacylate protected 
hydroxyl groups in different m olecules and there have been 
several reports o f the use o f enzym es to catalyse the 
deacylation o f  sugar derivatives including both mono- and 
d isaccharides. Frohwein et. al. found that several enzymes were 
capable of catalysing the deacetylation o f various mono- and 
d isac ch a rid e s .27*46 Reese et. al. also found that enzyme systems 
from  certain microorganisms were able to catalyse the 
deacetylation of cellobiose acetates .47
In 1968 Fink and Hay used w heat germ lipase to catalyse 
the deacetylation o f esterified mono- and disaccharides.48*49 
W heat germ lipase had been found to hydrolyse glyceryl and 
aliphatic esters and M ounter and M ounter had concluded that 
w heat germ lipase contained a single enzyme activity .50 For the 
study of deacylations of peracylated disaccharides the a -  and p- 
glucosidase ac tivities were rem oved using preparative 
polyacrylam ide gel electrophoresis. Fink and Hay confirmed 
tha t wheat germ  lipase exhibited maximum activity towards 
acetyl esters. They also found by studying homogeneous and 
heterogeneous substrate systems that the physical state of the 
substrate did not affect the rate o f the enzyme-catalysed 
reaction. This was in agreement with the results of M ounter and
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M o u n te r .50 Solvents such as acetone or acetonitrile were used to 
increase dissolution of the substrate at high concentrations, 
although in general the solubilising agent was not essential.
As expected from the chemical reactivity, they discovered 
that the anom eric acyl group was m ost easily hydrolysed by the 
enzyme. For the other positions the relative rate of deacylation, 
determined from the identification o f  the partially acylated 
products was, for glucose pentaacetate 
C -l > C -6  > C-4 > C-3 > C-2 
and for peracetylated maltose and cellobiose :-
C -l > C-6 ’, C-6 , C-4’ > C-3’, C-3 > C-2', C-2.
However, they had difficulty in deteim ining the 
difference in reactivity between sim ilar positions. The 
deacylation at C-4 in glucose pentaacetate hydrolysis proceeded 
faster than the chem ical deacetylation and this was thought to 
be because the C-4 acetyl group was favourably positioned for 
hydrolysis. They w ere unable to rule out the possibility  that 
acyl migrations occurred during the reaction. H owever, they did 
consider that the structures o f the products suggested that 
migrations did not occur to any large extent.
It would however seem likely, considering the ease of the 
C-4 to C -6 migration, that the reactivity of the C-4 position was 
effectively enhanced by this migration process. A lthough no 
3,4 ,6-tri-(?-acety l derivative was identified, this does not 
provide sufficient evidence for there being no migration.
The substrate size was also found to be an im portant 
factor in the catalytic process. The binding constant from 
M ichaelis-M enten kinetics ( K m )  was found to be much smaller 
for disaccharides. Substrates were also able to change their
binding to the enzyme during a deacetylation reaction. This may 
then affect the reactivities of the rem aining acetyl groups.
Most of the more recent work on the selective enzymatic 
deacylation has been carried out on monosaccharides. Sweers 
and Wong studied the hydrolysis o f m ethyl-2,3,4,6 -tetra-O - 
pentanoyl-D-hexosamines using a lipase from C and ida  
cy lin d ra cea .51 The reactions w ere performed at room 
temperature in a phosphate buffer. R egioselective deacylation 
o f the sugar to produce the 6 -OH derivative was achieved in 
yields of 80-90%. They found that the best substrates for the 
enzyme were the octanoyl derivatives but that it was more 
convenient to work with the pentanoyl derivatives. They 
considered that this method provided a better means of 
synthesizing partially  protected hexopyranoses than those 
previously described. Having observed this regioselectivity in 
the hydrolytic reaction, the reverse procedure, esterification, 
was attempted to  see if  the regioselectivity was maintained.
This approach will be discussed in a later section.
Shaw and Klibanov used glucose pentaacetate (Fig. 1.10) as 
the substrate for enzymatic hydrolysis, and w ere able to 
produce glucose di-, tri- and tetraacetates on a gram scale.52 
They used four enzymes to catalyse the reactions :- lipases from 
Aspergillus niger, and Rhizopus oryzae, wheat germ lipase and 
porcine liver carboxyl esterase. These reactions were performed 
at 30°C in phosphate buffer at pH 7.9. Significant accumulations 
of various acetate classes were found at different degrees of 
conversion, and with the different enzymes.
4 6
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Larger scale experiments were carried out to prepare 
individual glucose esters. The lipase from A. niger was used 
because of its relatively low cost and significant accumulations 
o f the tetra-, tri-, and diacetates during  the deacylation 
reac tion .
Analysis o f the products carried out by gas 
chrom atography and ,3 C n.m.r. spectroscopy identified the 
major te traacetate from the hydrolysis o f glucose pentaacetate 
as 2,3,4,6 -tetra-O -acetyl glucose. The anomeric acetoxy group 
was, as expected, hydrolysed first. T he triacetate fraction was 
found to be a mixture o f 2,4,6- and 3,4,6-tri-O -acetyl glucose. 
The diacetate was shown to be the 4,6-diacetate. At 20% 
conversion 74% o f the mixture was composed o f tetraacetate, at 
40% conversion 60% of the mixture was triacetate and at 60% 
conversion 30% was diacetate.
Shaw and Liaw found that the yield of the 2,3,4,6-tetra-O- 
acetyl glucose could be greatly im proved by performing the 
lipase catalysed reaction in an organic solvent.8 Using ethyl 
acetate/0.1 M potassium chloride solution (7:3) as the solvent 
for the reaction, the tetraacetate could be produced in 100% 
yield. D ifferent alcohols were used to investigate the selectivity 
o f the enzyme. The identification of the product as the 2,3,4,6-
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tetraacetate was confirmed by the anom érisation of the product 
indicating that the acetoxy group at C -l had been hydrolysed.
Csuk and Glanzer reported the deacetylation o f a -a c e to x y -  
furanurono-6 ,3-lactones using lipases and lyophilised yeast.53 
Lipase AP6  from A sperg illu s  sp. caused  94% deacetylation of 
the substrate in 3 hours, and the lipase P from P seu d o m o n a s  sp. 
catalysed 84% deacetylation after 30 hours.
T om ic  et al. used rabbit serum  esterase to hydrolyse 2,6- 
d i-p ivaloyl-a-D -glucopyranose selectively to give the 2-pivaloyl 
and the 6 -pivaloyl derivatives in a ratio  of 6:1 .54 This ratio 
remained the same regardless o f the reaction tim e or reaction 
concentration . H ennen et al. reported the selective deacetylation 
of the primary acetyl groups o f peracetylated methyl 
fu ran o sid es .55 The lipase from C. cylindracea  was used to 
catalyse the reaction in a 10% DM F solution. In the case of the 
2-deoxyriboside series the 3 - 0 -acetyl group was selectively 
h y d ro ly sed .
The use of DMF was found to  enhance the regioselectivity 
o f the deacylation of pyranoses. G lucose pentaacetate was 
exclusively hydrolysed at C -l, using porcine pancreatic lipase in 
10% DMF, to give the 2,3,4,6-tetraacetate in 70% yield. Similar 
selectivity was found with six o ther peracetylated hexoses. The 
same hydrolysis o f  the 1-acetoxy group was observed with 
tetra-O -acetyl-D -xylofuranose and te tra -O -ace ty l-D - 
ribofuranose using A. niger lipase. An interesting result was 
that the C. cylindracea  lipase hydrolysed both the 4 -0 -  and the 
6 - 0 -acetyl groups from a-D -glucose pentaacetate producing the 
triacetate in 73% yield. This result may again be due to the C-4 
to C -6  acetyl migration followed by deacetylation.
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An investigation of the influence of the size and position 
of the acyl group using lipases from C. cylindracea  and porcine 
pancreas was carried out by Kloosterman el. al.$6 P orcine 
pancreatic lipase was found to hydrolyse prim ary n -b u ty ry l 
esters but not acetyl esters at C -6 in 1,2-3,4-diisopropylidene- 
a-D -glucopyranose (Fig. 1.11). When 1,2-5,6-diisopropylidene- 
a-D -glucofuranose was treated with C. cylindracea  lipase the 
secondary butyryl ester was hydrolysed but the corresponding 
acetyl ester was not. Porcine pancreatic lipase hydrolysed both 
esters. The use of organic solvents such as hexane, acetone or 
dichlorom ethane led to slower rates and lower yields.
F ig . 1 .1 1 : 1 ,2 -3 ,4 -d iiso p ro p y lid e n e -o -D -g lu c o p y ra n o se  and 1,2- 
5 ,6 -d iiso p ro p y lid en e -a -D -g lu co fu ran o se .
Using C. cylindracea  lipase it was possible to hydrolyse, 
selectively, a primary butyrate group in the presence o f a 
secondary acetate. Apparently there was some m igration of the 
acetyl group from C-3 to C-5 under the reaction conditions. The 
influence of the size of the acyl group on the enzym atic 
hydrolysis was shown by the selective deacylation o f a 
secondary butyryl group in the presence of a prim ary pivaloyl 
g roup .
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secondary butyryl group in the presence of a primary pivaloyl 
g roup.
Interest in chloro-deoxy-sugars, in particular r ,4 ,6 '-  
tr ich lo ro -1 ',4 ,6 '- tr id e o x y -g a /a c /0 -su cro se-"suc ra lo se"-m en tioned  
earlier, led Tate & Lyle to investigate the possibility of 
synthesizing p artia lly  protected sucrose derivatives from 
sucrose octaace ta te .39 Using sucrose octaacetate (Fig. 1.12) as a 
suspension in w ate r, or water in combination with an organic 
solvent it was found that selective deacylation of five of the 
eight acyl groups was possible. D ifferent deacylation products 
were found using different enzymes. Acetates at the C-2, C-3 
and C-3' positions did not appear to be hydrolysed by any of 
the enzymes investigated.
Fig. 1.12: Sucrose octaacetate.
Using sub tilis in  Carlsberg to catalyse the deacetylation, 
the C -l ' position was preferentially hydrolysed. This was 
followed by hydrolysis of the 6 '-acetate. The 4-acetate was 
hydrolysed to a sm all extent using a different strain of 
subtilisin C arlsberg.
OAc
OAc
OAc
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A yeast esterase obtained from  Glaxo specifically 
catalysed the deacetylation of the 1'-, 4 '-, 6 - and 6 '-acetoxy 
groups to  produce 2,3,3',4-tetra-O  -acety l sucrose. Some 
hydrolysis of the C-4 acetate was observed but this was 
probably due to migration of the group from C-4 to C -6 
subsequently followed by hydrolysis. This particular 
tetraacetate has been identified as a natural product.57*58
W heat germ lipase was found to  hydrolyse the 4'-, 6 '- and 
l'-acyl groups from the furanose ring . The analysis of this 
particular hydrolysis will be discussed in greater detail in 
Chapter 2.
Of the other enzymes studied pancrelipase (Scientific 
Protein Laboratories) selectively cleaved the 4 '-acetyl group 
and Aspergillus m eleus protease A catalysed the production of a 
large number of products, the major one being identified as 
r ,2 ,3 ,3 ',4 ’-pen taace ta te .39 The use o f  Aspergillus usam i lipase 
as the catalyst led to the same pentaacetate being formed 
together with the 2,3,3',4’,6’-pentaacetate. M ortierella  vinacea  
m elibiase produced r ,2 ,3 ,3 ’,6 -pen ta -0 -ace ty l sucrose in 
addition to the r ,2 ,3 ,3 \4 '-  and the 2 ,3 ,3’,4',6'- pentaacetates. 
Amylase catalysed the production o f  1',2,3,3',4,6-hexaacetate 
and a-galactosidase hydrolysed sucrose octaacetate to give two 
major products. These were identified as the r.2 ,3 ,3 ’,6'- 
pentaacetate and the r ,2 ,3 ,3 ',4 '-pen taaceta te . The enzyme 
rapidase, a crude fungal alpha am ylase preparation (Miles 
Laboratories), to catalyse the deacetylation led to the 
r,2 ,3 ,3 ',4 ',6-hexaacetate being isolated in 5% yield. These 
deesterifications did not, however, produce the partially 
protected intermediates required for the synthesis o f sucralose.
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Scheme 1.2: The synthesis of 2 ,3 ,3 ',4 -te tra -O -ace ty l,4 '-0 -b u ty ry l 
sucrose, an intermediate in the synthesis of sucralose, using two 
enzym es.
The use of tw o or more enzymes, either sequentially or 
simultaneously, is also a possible means of producing the 
required product, as is the combination of an enzym atic and a 
chemical deacetylation process. Two different enzym es have 
been used in successive manner by Tate & Lyle to synthesize 
one o f the intermediates in the synthesis of sucralose. The 
selectivity of certain enzymes for certain acyl groups was also 
utilised (Schem e 1.2). Sucrose octaacetate was treated with 
pancrelipase to produce the 4'-OH derivative. This was then 
treated with butyric anhydride to reprotect the C-4' position.
This esterified compound was then hydrolysed with the yeast 
esterase. The product was the 2 ,3 ,3 ',4 -te tra -0 -ace ty l,4 '-O -
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butyryl sucrose. The yeast esterase did not catalyse the 
hydrolysis o f the butyrate group.
The regioselective deacetylation o f sucrose octaacetate has 
also been carried out by Kloosterman et. al.5 A screen of 
com mercially available lipases and esterases was carried out in 
aqueous buffer. The reactions were monitored by t.l.c. over a 
period o f five days. Most o f the enzymes screened did not 
hydrolyse sucrose octaacetate to an observable extent. Two 
enzymes, pig liver esterase (Sigma) and another esterase (E l22 
from Novo) hydrolysed the substrate but produced a mixture of 
products with no obvious selection. C. cylindracea  lipase (A6 , 
Amano) hydrolysed the substrate com pletely to sucrose.
Regioseleciive deacetylation was achieved using wheat 
germ lipase (L-3001, Sigma) which hydrolysed sucrose 
octaacetate to give one major product in about 45% yield. The 
major product isolated in 37% yield was identified as 2,3,3',4,6- 
pen ta-O -acety l sucrose. A minor product r,2 ,3 ,3 ',4 ,6-hexa-0- 
acetyl sucrose was also identified. The addition of calcium or 
iron ions did not have any effect on the enzyme activity or 
selectivity. The addition of lipophilic cosolvents had no marked 
effect on the enzymatic activity or selectivity. This is in contrast 
to the effect on the deacylation of glucopyranosides catalysed 
by C. cylindracea lipase previously reported .56 This confirmed 
an earlier report that wheat germ lipase is an esterase .50 
Imm obilisation on agarose caused the rate of conversion of 
sucrose octaacetate to be very slow.
C. cylindracea  lipase (lipase AY30, Amano) was also found 
to  produce a major product from the hydrolysis of sucrose 
octaacetate. The product was identified as r,2 ,3 ,3 \4 ,6 ,6 '-hepta-
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0-acety l sucrose. It was recovered in a yield of 35%. This is 
another example o f  a secondary ester being preferentially 
hydrolysed in the presence of primary esters.
Examples can be found where sucrose octaacetate has 
been deacylated at both primary and secondary positions in 
either the pyranose o r the furanose ring. It is apparent from 
many of these results that one of the secondary acyl groups in 
sucrose octaacetate, the C-4' one, has a reactivity comparable to 
and often greater than those at the prim ary positions.
D ifferent enzym es are seen to have different selectivities 
and the duration of the reaction and other factors such as co­
solvents and the acyl group used can affect the products 
produced from a reaction. These results show the potential of 
enzymatic deacylations as a means o f synthesizing sugar 
d e riv a tiv e s .
1.7; Enzymatic acylations.
A further approach to the synthesis of partially protected 
sugar derivatives is by the regioselective acylation of a sugar.59 
In order to esterify a hydroxyl group enzym atically several 
major factors must be taken in to account. The enzyme is in 
effect being made to work in reverse and to make the acylation 
possible it also has to work in a non-aqueous environment.
W ater is involved in the equilibrium o f the ester/alcohol 
conversion so that if there is any water present in the system in 
large amounts the hydrolysis of the ester will become the 
energetically favourable reaction .60 This also applies to the 
processes o f am inolysis, thiotransesterification and oximolysis.
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However, it is necessary to have som e water present in the 
system to maintain the catalytic activity o f the enzyme. This 
water forms a protective shell around the enzyme that prevents 
it from being denatured. Only a very small amount o f water is 
required and this will already be present in all but the driest 
so lvent.
In 1966, Dastoli and Price observed enzymatic activity of 
chym otrypsin and xanthine oxidase in anhydrous non-polar 
organic so lvents .61*62 There have now been many examples of 
enzymes functioning in low water system s to catalyse a variety 
of different reactions. Many enzym es are capable of working in 
organic solvents containing little or no water. In some 
circum stances the enzymes actually acquire enhanced stability, 
altered substrate and enantiom eric specificities and the ability 
to catalyse unusual reactions .63*64 Klibanov also reports the 
property of molecular memory whereby an enzyme is 
"imprinted" by a ligand prior to lyophilisation .65 When placed in 
an organic solvent the enzyme rem ains in the same 
conformation as in the presence of the ligand in aqueous 
so lu tio n .66 This apparently leads to greatly enhanced reactivity.
Klibanov has suggested a series o f rules for the synthetic 
use o f enzymes in organic solvents .44  These are that the solvent 
is carefully chosen; a hydrophobic solvent is preferable because 
hydrophilic solvents "strip” water m olecules from around an 
enzyme thereby reducing its activity. The effect of hydrophilic 
solvents is different for each enzyme and may be overcome by 
adding a small amount of water to the solvent.
A second rule is that an enzyme will function best if it is 
recovered from an aqueous solution which has a pH that is
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optimal for the enzyme activity. This is best done by 
lyophilisation. This "pH memory effect" is supposedly due to the 
enzyme acquiring the ionisation state corresponding to  the 
optimal pH and retaining this state after lyophilisation and 
exposure to the organic solvent.
The third rule is that the reaction mixture must be 
agitated so that a fine dispersion o f the enzyme may be 
achieved. This is so that the diffusion of the substrate to the 
enzyme is not too limited by the enzyme being suspended in an 
organic solvent rather than being dissolved in water. It is 
claim ed that the enzymatic transesterifications follow 
M ichaelis-M enten kinetics close ly .65 This indicates that the 
reaction proceeds via  an enzyme substrate complex (Fig. 1.13).
E + S  .  Km~  ES — E + P
Fig. 1.13: The M ichaelis-M enten mechanism.
The therm ostability of enzymes in organic solvents is 
often dram atically increased. For exam ple, chym otrypsin has a 
half-life of several hours in anhydrous octane at 100°C as 
compared to minutes in water at 60°C. Lipases may also remain 
catalytically active at temperatures up to 100°C in organic 
solvents. This is because the conform ational m obility required 
to denature the enzyme by irreversible unfolding is highly 
restricted in anhydrous organic solvents .65
This ability of enzymes to catalyse reactions even in 
anhydrous organic solvents dram atically increases the range of
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reactions which may be carried out using enzymes as catalysts. 
The enzymatic acylation of hydroxyl groups of simple alcohols 
w ith both stereo- and regioselectivity is well reported in the 
li te ra tu re .67-68 It has now been applied to the more complex 
task o f selectively acylating sugars.
Therisod and Klibanov were able to selectively acylate the 
prim ary hydroxyl groups of various unprotected 
m o n o sac ch a rid e s .69 The reactions were catalysed by dried 
porcine pancreatic lipase in anhydrous pyridine at 45°C. The 
acyl donating com pound for the transesterification was 2 ,2 ,2 - 
trichloroethylbutyrate. Yields of 50-90%  were achieved on a 
gram  scale. The acylation rate could be increased by increasing 
the temperature, the lipase concentration, the substrate 
concentration or the acyl donor concentration. Fructose was 
found to be acylated at both the prim ary positions.
The same workers then carried out a study of the 
acylation of secondary hydroxyl groups of sugars.70 For this 
study they used sugars which were "blocked" in the primary C- 
6  position. The derivatives synthesised by the above enzymatic 
transesterification w ere suitably protected. A preference was 
show n for acetone, tetrahydrofuran or methylene chloride as 
the solvent over pyridine. It was expected and found that the 
lipases would be more reactive in these solvents.
Four enzymes were able to catalyse the acylation of 6 -0 -  
bu tyryl glucose at the secondary hydroxyl positions. Using 
C hrom obacterium  viscosum  lipase 6 -O -butyryl glucose was 
exclusively acylated at the C-3 hydroxyl to give 3,6-di-O- 
butyrylglucose. A. niger lipase produced very similar activity. 
P orcine pancreatic lipase however catalysed acylation to give
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90% of the 2,6-di-O -butyryl derivative. C. cylindracea  lipase 
was slightly m ore reactive towards the C-2 position but there 
was little selectivity shown. If a bulkier group such as a 
tertbutyldiphenylsilyl- group was used to block the C -6  position 
then C. cylindracea  lipase acylated the C-2 position alm ost 
exclusively.
The acylation o f  mannose and galactose derivatives in an 
identical manner show ed some selectivity, but not as m uch as 
was shown for the  glucose derivatives. It was also found that it 
was possible to hydrolyse, selectively, the 6 -0 -butyryl group 
from the above d iesters  using the method of Sweers and Wong 
(see earlier) .50 T h is  leaves a monoester protected by an acyl 
group at one of the  secondary positions. The C-3 position of 6 -0 -  
trityl glucose could also be selectively acylated using C . 
viscosum  lipase. D etritylation leads to 3 -0 -butyryl g lucose again 
having a secondary position protected.
When both prim ary and secondary positions were 
available for acy lation  all the enzymes showed a preference for 
the primary position . However w hereas C. cylindracea  lipase 
would not undergo further acylation to the diester the other 
three lipases form ed a mixture o f mono- and diesters. The 
regioselectivity fo r  the secondary hydroxyl groups was similar 
to that found befo re.
W ong et. a l. were also able to  acylate sugars at the 
primary position w ith  79% re g io se le c t iv ity .T h e ir  solvent of 
choice was pyrid ine to  overcome the problem of sugar solubility 
and to maintain enzym e activity. The activity was found to be 
enhanced by the addition of benzene. Vinyl acetate was used as 
the acyl donor w ith  C. cylindracea  lipase as the biocatalyst.
Vinyl esters were found to have a rate of transesterification up 
to 100  times greater than ethyl esters and five times faster 
than isopropenyl esters .71 The additional advantage of using 
acetyl donors such as vinyl acetate, isopropenyl acetate and 
oxime acetates is that the / r a n 5 -esterifica tion  is irreversible 
(Schem e 1.3). This is because the donor groups are not alcohols 
so transesterification of the product does not occur and as the 
conditions are essentially anhydrous, hydrolysis is not possible.
isopropenyl acetate: R1-R2-CH3 
vinyl acetate: Ri=CH3, R2-H
M e^ HO—N=CMes
Scheme 1.3: The irreversibility o f  the acylation process using 
isopropenyl acetate, vinyl acetate  or oxime acetates.
B jb rk ling  et. al. have also  reported the regioselective 
acylation of alkyl glucosides at the primary C-6 position to yield 
monoesters in 90% yield.72*73(Schem e 1.4) Their process was 
solvent free with the substrate and lipase being mixed together 
with the long chain (C -8 to C-18 ) fatty acid used for the 
acylation. The lipase used was from  a strain of C and ida  
an tárc tica , which was im mobilised on a macroporous acrylic or
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phenolic resin. This enabled the enzyme to be used several 
times with no noticeable loss of activity. Ethyl-D- 
glucopyranoside was used as substrate and was found to be 
very much more reactive than m ethyl-D -glucopyranoside, or 
glucose itself, possibly owing to the increased solubility. When 
either n-propyl- or n-butyl-D-glucoside w ere used a significant 
amount of diester formation was observed. This was identified 
as the 2,6-di-O-acyl-derivative. The yields o f  the monoesters 
increased with the increasing chain length o f the fatty acid. A 
possible reason for this was thought to  be that the increased 
solubility of the shorter chain fatty acids in water affected the 
pH of the water bound to the enzyme and maybe dissolved the 
water at the enzyme surface causing a decrease in the activity.
Scheme 1.4: The specific acylation o f ethyl-D-glucopyranoside 
using long chain fatty acids.
Four other enzymes catalysed the reaction but either they 
were less specific producing more diester or they gave very low 
conversions compared to C. antárctica lipase. The reactions were 
carried out at 70°C under reduced pressure. Water generated 
from the reaction was removed in vacuo.
OH OH
R ■ /vCnH*,*, n»7 to 17
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Carrea et al. used subtilisin, a protease from B a c illu s  
su b tilis , to catalyse the enzymatic synthesis of l '-O -a c y l 
su c ro se .74 This position has been considered to be the least 
reactive of the three primary positions of sucrose from  the 
reaction of sucrose in chemical reactions, for exam ple, 
tritylation, silylation, acetylation with acetic anhydride or 
chlorination with sulphonyl chloride.
The enzyme was able to accept various different trichloro- 
and trifluoroethyl esters as the acyl donor. The best results 
were obtained using trifluoroethyl butyrate with the yield of 
the 1'-monoester decreasing with the increasing size o f the acyl 
group. The regioselectivity and rate were also affected by 
increasing the length of the aliphatic chain of the acyl group.
The reactions were carried out in dry dim ethylform am ide at 
45°C  (Scheme 1.5). The enzyme used, protease N - a crude form 
of subtilisin - was found to be inactivated after three days in 
pure solvent but under reaction conditions inactivation occurred 
much faster.
C hrom obacterium  viscosum  lipase was found to catalyse 
the regioselective acylation of sucrose to give l'-O -h e x a n o y l 
sucrose in 31% yield using acetone as solvent. A longer chain 
acyl donor trifluoroethyl laurate was also used for the 
tra n se ste rif ic a tio n .
The Y-O  -sucrose esters were substrates for yeast a -  
glucosidase and this enzyme was used to catalyse the synthesis 
of 1 -0 -acyl fructose compounds (Scheme 1.5). The direct 
enzym atic acylation o f fructose with trichloroethyl butyrate 
produced a mixture of two compounds: the 1-O -butyryl fructose 
and 6 -O-butyryl fructose in a ratio of 8 :2 .
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a-glucosidase
R =  M e iC H zV
OH
Scheme 1.5: The selective I '-O -acylation of sucrose as a means 
o f synthesising l'-O -fru c to se .
The regioselective enzymatic acylation o f octy l-a-D - 
glucopyranoside has recently been reported .2 Five lipases were 
tested for the acylation. Porcine pancreatic lipase was found to 
p refer medium length straight chain esters, P seu d o m o n a s  lipase 
preferred esters with an additional carbonyl group such as a 
succinate ester. M ucor m iehei lipase seemed to have no 
preference. C. cylindracea  and A. niger  lipases were found to 
have very low activity which only increased on the addition of 
w ater to the reaction.
The best results were achieved using porcine pancreatic 
lipase in THF with ethyl octanoate, and for succinate and 
acetoacetate esters using M. miehei lipase, with 1,2 -
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dichloroethane and w ithout cosolvent respectively. The 
acetoacetate derivative was found to be a mixture o f the 2 -0 -  
and 6 -0  -acyl derivatives. If  the acylations were continued for 
longer than three days, considerable diesterification was 
observed. The P-anomer o f 1-0-octanoyl-D -glucopyranoside was 
acylated more slow ly and with more by-product formation. 
These compounds were investigated for their potential surface 
activity and liquid crystal properties. Tate & Lyle have also 
investigated the use of selective enzymatic acylations as a 
means o f synthesising the intermediates for the synthesis of 
sucra lose .75
Selective chlorination of sucrose at certain positions 
without protecting the other positions has been found to  be 
p o ssib le .76 For example the hydroxyl groups at the C - l \  C-4 and 
C-6 ' positions may be selectively chlorinated in the presence of 
unprotected hydroxyl groups at C-2, C-3 and C-3’. This would 
produce the trichloro sucrose derivative, Sucralose.
Unfortunately the hydroxyl group at C -6 must be protected to 
prevent chlorination at this position and some traces of 
chlorination have been found at C-4' so this position really 
needs to be protected as well.
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lipase P.
isopropenyl acetate
pyridine, 60°C
OH OH
thionyl chloride
a  OH
NaOMc, MeOH
OH OH
Scheme 1.6: The synthesis of sucralose using a selectively 
acety la ted  derivative.
A selective acylation process to protect the C-4' and C -6 
positions would therefore allow the synthesis of a sucralose 
d e riv a tiv e .75 Using a bacterial lipase derived from P seu d o m o n a s  
sp. (lipase P, Amano) acylation initially at the C -6 position 
followed by acylation at C-4’ has been achieved to give the 4',6- 
diacetate. The acylation was carried out in pyridine at 60°C 
using either isopropenyl acetate or trichloroethyl esters as the 
acyl donors (Scheme 1.6). After four days a yield of 8% of 4',6- 
d i-0 -ace ty l sucrose and 33% of the monoester, 6 - 0 -acety l 
sucrose were recovered. The monoester could be converted to 
the 4',6-diester in 47% recovered yield by a similar acylation 
reaction at 60° C for six days followed by the addition o f more 
enzyme and another 24 hours of reaction. A tetraacetate.
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2 ,3 ,3 ',6 -te tra -O -ace ty l sucrose may also be acetylated at the 4'- 
hydroxyl group to give 2 ,3 ,3 ',4 ’,6-penta-O-acetyl sucrose in 55% 
yield. This again is one o f the key intermediates in one 
synthetic rou te to sucralose.
1.8; Analysis.
A m ajor problem w ith both acylation and deacylation 
reactions is the identification of the products which are formed, 
in particular when several products are made. This is, of course, 
the case m ore often than not with these types o f reaction.
In a monosaccharide such as glucose there are five 
different positions which can be acylated or deacylated. In 
theory there could be as many as 32 (25) different products in 
the reaction m ixture from the deacetylation o f glucose 
pentaacetate. For a disaccharide such as sucrose there could be 
as many as 256 (28) different products including the substrate 
from the deacetylation of the peracetate.
Due to  the similar nature o f many of the hydroxyl groups 
w ithin a sugar many of these different com pounds, particularly 
those with identical numbers o f hydroxyl groups free, will have 
very sim ilar properties .77 This obviously can lead to difficulties 
with separation using chrom atographic techniques and with the 
analytical techniques norm ally used. The different techniques 
used for the separation and purification of sugar derivatives 
include gas-liquid chrom atography (g.l.c.), high performance 
liquid chrom atography (h .p.l.c .), column and thin-layer 
chrom atography (t.l.c.).
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Thiem et. al. were able to separate a group of 
peracetylated monosaccharides using h.p.l.c. on silica gel 
co lu m n s .78 The com pounds were detected by ultra-violet 
detection at 223nm. There is a weak chrom ophore from the 
acetate groups at this wavelength. The problem with operating 
at this wavelength is that the chromophore is so weak that it 
can be lost if  any highly u.v. absorbing compounds are present.
Analysis o f the products from acylation reactions 
were carried out by Adelhorst et. al. using an am ino-silica 
(S i0 2 /N H 2) h.p.l.c. column and a refractive index detector.73 De 
Nijs et. al. used a C l 8 silica column also with refractive index 
detector for their analyses of acylation m ixtures .3
G as/liquid chrom atographic separations have been carried 
out using various types o f column packing. Analysis using this 
technique requires that the samples are first derivatised, 
usually using a silylating agent such as 1,1,1,3,3,3- 
hexam ethyldisilazane. The sugar derivatives are then 
sufficiently volatile for them to be carried in the gas phase 
through the column.
The problem with these techniques is that it is extremely 
hard to separate all the different products within a m ixture and 
to be certain that no two peaks are overlapping or that a major 
peak is not hiding a minor peak. Complete separation of all the 
products in a mixture, ranging from the peracetate to the free 
sugar, is likely to  be an exceptionally complex task owing to the 
large difference in polarity between the tw o extremes.
The actual analysis o f individual sugars can also be a 
com plex problem as the JH n.m.r. spectra often contains several 
overlapping signals, making the identification harder. In 1969
39
Binkley et. al. recorded the JH n.m.r. spectrum of sucrose 
octaacetate in dg-benzene, d-chloroform  and d6 -acetone at 
100MHz and 220MHz.™  The signals due to H I, H2, H3, H4 in the 
a-D-glucopyranosyl fragm ent and due to H3 and H4 in the p-D - 
fructofuranosyl fragm ent were individually assigned. The 
spectra o f acetylated derivatives of sugars were observed to 
have signals in three different regions:- the acetyl protons at 
about 2 .0 ppm, the m ethylene protons and those protons 
attached to carbon atoms on which the hydroxyl group is not 
acetylated, i.e. hydroxyls or ethers, a t about 4ppm, and the 
region due to methine protons with the hydroxyl group acylated 
together with the anomeric protons from 4.5 to 6.5 ppm. A 
variation was seen in the spectrum o f  sucrose octaacetate when 
it was recorded in different deuteriated solvents. Using d6 - 
benzene instead of d-chloroform  better resolution of the 
methine proton signals was achieved. This has also been 
observed by Sanders who fully assigned the proton signals .80
S uam i et. al. established a means to identify the acetyl 
proton signals by using specifically deuteriated acetyl sucrose 
d e r iv a tiv e s .81 This approach had been previously used to 
identify the signals for glucosamine derivatives.82 This 
technique uses the fact that deuteriated acetate will give no 
signal in the !H n.m.r. spectrum. The 'H  n.m.r. spectrum of 
sucrose octaacetate showed only six signals in the acetate region 
because some of the signals were not resolved. A known sucrose 
pentaacetate, which was treated with d6 -acetic anhydride in 
pyridine to  give penta-0 -ace ty l-tri-O -deu terioace ty l sucrose, 
contained four peaks in the acetyl region of the n.m.r.
4 0
spectrum. The missing signals could therefore be assigned from 
the know ledge of where the deuterioacetate groups were 
situated. Further assignments were possib le  using derivatives 
formed by the deuterioacetylation of known hexa- and hepta- 
derivatives. It was possible to assign the signals due to the four 
acetyl groups which had been separated together with tentative 
assignm ents o f the others.
A complete assignment o f the acetyl signals has recently 
been published by Rathbone.8  ^ The signals in the *H n.m.r. 
spectrum  are very solvent dependent. The chemical shifts of 
signals can vary quite considerably from  solvent to solvent with 
the relative position of the signals able to change as well.
The spectrum of sucrose octaacetate was recorded in 
several different solvents. None of these gave sufficiently good 
separation to allow identification of all the acetate signals. In 
d 5 -pyridine the high field signals were poorly separated 
w hereas in d6 -benzene it was the low field signals that had 
insufficient resolution. A 1:1 m ixture o f the two solvents gave 
baseline resolution of all eight of the acetate signals. It was then 
possible to assign all eight of the peaks by recording the spectra 
o f several known derivatives which had been 
p e rd e u te r io a c e ty la te d .
Some dependence of the spectrum on the sample 
concentration was found with small shifts in  the chemical shifts 
o f the signals. No change in the relative position of the signals 
was how ever observed.
Lee et. al. used decoupling techniques and n.m.r. shifts 
induced by the chemical shift reagents, Eu(fod)3 and Pr(fod)3 to
assign completely the signals in both the *H and the I3C n.m.r. 
spectra of some acyl gluco- and galactopyranosides.84
The complete assignment of the *H and ,3C n.m.r. spectra 
of sucrose octaacetate was undertaken by Nishida, Enzell and 
M orris who used 2-dim ensional n.m.r. techniques using both 
hom o- and hetero-nuclear correlations .85 They found that the 
assignment was not possible using the 2D-INADEQUATE 
technique due to strong coupling in the 13C n.m.r. satellite 
spectra. The assignm ents were therefore made using a 
com bination of the correlation techniques. A COSY experiment 
was used to identify the sugar protons although a second stage 
o f coherence transfer was required to identify the signals due to 
H-5, H-5' and H-6 '.86 The signals in the 13C n.m.r. spectrum were 
then easily identified from a heteronuclear shift correlation.
To assign unambiguously the signals of the eight acetate 
peaks required a more complex experiment. The ,3 C n.m.r. 
carbonyl resonances o f the acetate signals were correlated to 
the sugar ring proton resonances via  a three bond coupling. A 
second correlation was made between the ,3 C n.m.r. carbonyl 
resonances and the acetate methyl proton resonances via  two 
bond couplings. This long range heteronuclear shift correlation 
experim ent allows the I3C n.m.r. carbonyl signals to be 
identified from their correlations with the ring protons. The 
identity o f the carbonyl resonances can then be used to identify 
the acetate signals. Complete assignment of the signals was not 
possible due to the overlap of two of the acetate signals in the 
solvent used.
The 13C n.m.r. carbonyl resonances of various 
peracetylated mono and oligosaccharides have been assigned
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using sim ilar techniques in an attempt to establish the existence 
of any inform ation which m ight be useful in determining the 
structure o f  oligosaccharides.87 All the other n.m.r. signals were 
identified as part of the study and 13C enrichm ent was 
unnecessary to get a full assignment.
An alternative technique for the assignment of the 
carbonyl resonances of carbohydrate acetates has been used by 
B uchanan  et. al. to assign the signals for P-cellobiose octaacetate 
and ce llu lose triacetate.88 This technique is known as INAPT 
(Insensitive Nuclei Assigned by Polarisation Transfer). Each of 
the 13C n.m .r. carbonyl signals can be assigned by polarisation 
transfer from  each of the sugar ring protons in turn. This 
technique overcom es the lack of sensitivity which can make 13C 
enrichment necessary for a *H -,3C heteronuclear shift 
correlation experiment to be successful. Each individual 
assignment o f  a signal does however require a separate INAPT 
e x p e rim e n t.
The *3C  and 'H  resonances of the sugar ring signals and 
the ,3C resonances of the carbonyl carbon atoms have been 
assigned fo r sucrose octabenzoate using a 1:1 mixture of d$- 
pyridine and  d6*benzene as solvent.89 This was done by means 
of a three bond !H -,3C-shift correlation experim ent together 
with sucrose octabenzoate specifically labelled with 13C in some 
of the carbonyl groups. By treating the products of partial 
deacylation o f  sucrose octabenzoate w ith an excess of benzyl- 
c a rb o n y l- l^Q  chloride and recording the 13C n.m.r. spectrum the 
position o f  deacylation could be identified.
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A considerable amount o f  work on the conform ation of 
sugars has also been carried o u t particularly by the use of n.m.r. 
te ch n iq u es .90-91 In their paper Binkley et. al. com m ent on the 
variation in the values of the coupling  constant values, in 
particular the value of J3',4' from  those that are expected.79 The 
values suggest that the substituents at C-3, C-4, and C-5 adopt 
quasi equatorial orientations.
Bock and Lemieux used and 13C n.m.r. studies to make 
a study of the conformation o f sucrose in solution.92 They were 
interested in the presence of intram olecular hydrogen bonding 
and found that the hydrogen bond between l'-O H  and 0 -2  
found in the crystal structure is also present in solution. This 
study suggested that the sucrose molecule is a rigid structure 
with only slight flexing apparent in the furanose ring .10 This is 
in agreement with HSEA calculations.
The use of d6-dim ethylsulphoxide as so lvent instead of 
deuterium oxide caused some changes in the H -3' and H4’ 
coupling constants. Studies o f the  13C Tj relaxation times and 
isotope effects allowed inferences to be made about the 
hydroxyl groups. Nuclear O verhauser enhancem ents were 
observed to be the same in both  deuterium oxide and dg- 
dim ethylsulphoxide, helping to  confirm  the theory that sucrose 
has essentially the same conform ation in both solvents. The 
SIMPLE n.m.r. technique has since been used to show that there 
is a competitive hydrogen bonding system in solution between 
OH 170-2 and 0 H -3 /0 -2 .93
To obtain information abou t the relative orientation of 
adjacent residues to one another the use of 2D -J resolved
4 4
heteronuclear n.m.r., has been made.94-95 T h e  information from 
vicinal couplings in each residue give inform ation on the 
conformation o f the vicinal protons due to a Karplus-type 
relationship. They do not however give inform ation  about the 
glycosidic linkage. However by studying the long  range 13C-*H 
coupling constants across the linkage the to rsional angles can be 
deduced again via  a Karplus-type relationship .96,91,9%
Mass spectrometry has also been a usefu l technique in the 
structural determ ination of sugars. Although the  technique is 
perhaps not quite as useful as n.m.r. spectrom etry it is a useful 
analytical tool. There are three basic ionisa tion  techniques for 
mass spectrometry. O f these, electron ionisation (E l) is probably 
the most w idely used. This technique has disadvantages when 
used to record the mass spectra of sugars. T h e  problem is that 
the ionisation causes too much fragmentation o f  the sugar. In 
the mass spectrum of glucose derivatives the substituent at the 
C -l position immediately fragments. In the m ass spectra of 
sucrose derivatives it is the glycosidic bond w hich fragments 
firs t.
A lthough information can be obtained from  the fragments 
formed, particularly if the spectrum of a m odel compound is 
available for comparison, it is often not possib le to find the 
parent ion. This information is particularly usefu l, as, by using 
accurate mass spectrometry the molecular m ass and elemental 
com position may be determined. These are obviously extremely 
useful for the identification of a compound.
An alternative means of ionisation is chem ical ionisation 
(C l). This technique is more gentle than El and  so the parent ion
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is more often observed. Quite often the mass observed is higher 
than the molecular ion due to a molecule of the carrier gas 
being attached to the ion. Fragmentation patterns are also 
observed using this ionisation technique and are usually very 
sim ilar to those observed with E l. It can, however, be more 
difficult to record accurate mass spectra with Cl.
The third method is to use fast atom bombardment (FAB) 
to initiate fragmentation. This is the mildest of the three 
methods. It can be useful for compounds that do not give good 
spectra with the o ther two methods. With acetylated sugars the 
sequential loss of the acetate groups may be observed before 
fragmentation of the sugar ring in some cases.
Analysis of the fragmentation pathways of sugar 
derivatives has been carried out and has included the use of 
!3C- and 2H-labelled sugars to identify the various ions 
produced and hence the mechanism of the fragmentations.99-100 
Some information about the structure of a sugar derivative can, 
therefore, be obtained if the spectrum of a similar structure is 
know n.
The structure o f many sugars in the solid state has also 
been determined by X-ray crysta llography.l°l.102.103 These 
include the structure of sucrose octaacetate.104 Other techniques 
such as infra-red, ultra-violet and visible spectrometry, optical 
rotations, melting points and microanalyses are all useful for 
helping to identify and confirm the structures of sugars and 
the ir derivatives.
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C h a p te r  Two: T he A nalysis o f  S ugar M ixtures.
2.1; Introduction,
The aim of the major part of the work described in this 
thesis was the enzymatic synthesis o f  intermediates for the 
production of sucralose. Since these investigations involve the 
production of partially protected sugar derivatives, the need for 
a good analytical system was of extrem e importance.
In most o f the work described in the introduction, the 
identification of only the major products, or at best, relative 
quantities of each class present in a mixture was possible. A 
"class" is defined here as the group o f  derivatives of a sugar 
that all contain the same number of acyl substituents., e.g. 
mono-, d i-, tri-acetates.
Shaw and Klibanov used 13C n.m .r. spectroscopy to 
identify the position of deacylations.51 When an acetoxy group 
is hydrolysed in an acetylated sugar, then the signal in the 13C 
n.m.r. spectrum due to the carbon atom of sugar ring at the 
corresponding position changes its chem ical shift. This 
technique has the disadvantages of using the relatively 
insensitive 13C carbon signals and also  only quite simple 
mixtures of products can be identified with certainty.
*H n.m.r. spectroscopy has also been used extensively to 
identify the products of reactions. This technique requires the 
separation of all derivatives including positional isomers. The 
deacylation at one position will cause several changes in the 'H  
n.m.r. spectrum. The signal due to the sugar ring proton at the
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position of deacylation will move upfield owing to the 
deshielding effect. There will be corresponding slight shifts in 
the positions of the other sugar ring signals. Large shifts of the 
acetyl methyl signals may also be observed. This may result in 
their relative positions changing, making identification of the 
methyl signals in the products difficult as these cannot be 
deduced with reliability from their relative positions in the 
starting material. However the use of *H n.m.r. spectroscopy for 
the identification o f reaction products is useful for the 
identification of single compounds. For a reaction mixture the 
shift in the position of the signals, together with the likely 
overlapping of many of the signals, means that little analysis 
can be made in this way without complete separation of all the 
p roducts.
For the sugar of particular interest, sucrose, which 
contains eight oxygen atoms up to  28 different acetylated 
products are possible and even for the monosaccharide glucose 
there may be up to  32 (25) different products (Fig. 2.1).
Complete separation of all the products including the minor 
ones from a deacylation reaction is likely to be an arduous, if 
not impossible, task. Hence, time was taken to  develop methods 
of analysis of partially acylated glucosyl esters which did not 
require complete separation of the products.
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Gli
G lucose
l-OAc
Fig. 2.1: The products from the deacetylation of glucose 
p en taace ta te .
2.2; The development Qf a method c>f analysis,
As described above, the analysis of the products of an 
enzymatic or chemical deacylation reaction is a particularly 
difficult task. The presence of several very similar hydroxyl 
groups ensures that regioisomers w ill have very sim ilar
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properties. This makes chrom atographic separation of the 
individual products very difficult. It has been observed, for 
example, that three of the pentaacetates of sucrose have 
identical Rf values on chromatography on silica.39 Given the 
huge number of possible hydrolysis products of a deacylation 
reaction there is a likelihood of isomers being impossible to 
separate. This means that using the techniques described above 
identification of all the reaction products is not always possible.
Our interest in studying the process of the deacetylations 
led to the development o f  an alternative means for the analysis 
o f the products of deacetylation reactions o f sugars. This 
method utilises the techniques of mass spectrometry and n.m.r. 
spectroscopy to study the products o f a reaction in conjunction 
with chrom atography and deuterioacetylation of the samples.
The use of n.m.r. spectroscopy or mass spectrometry on 
their own is not particularly useful. The *H n.m.r. spectrum of a 
m ixture containing any more than two or three different 
compounds is likely to be too complicated to reveal all the 
information necessary for the identification of the individual 
com ponents. Even when the components have been separated 
the analysis can require the use of two dimensional techniques 
such as the COSY experiment.
In the ] H n.m.r. spectrum of a mixture it is likely that 
many of the signals due to  the sugar ring proton region will 
overlap, making identification difficult. The same will be true in 
the acetyl region of the !H  n.m.r. spectrum. 13C n.m.r. 
spectroscopy has often been used for the identification of 
different products. It is, however, not likely to be very useful 
for identifying the components of a m ixture of sugar esters
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owing to the varying intensities o f the signals and the 
likelihood, again, of overlapping signals. It is also a relatively 
insensitive technique due to the low relative abundance o f the 
I3C nucleus thus requiring larger quantities or longer 
acquisition times to  produce spectra.
Analysis of a mixture by mass spectrometry will identify 
the presence of the different classes. For instance it may 
confirm  that sucrose octaacetate has been deacetylated to a 
m ixture o f hepta-, hexa- and pentaacetates. These different 
classes are likely to have different volatilities and ionisation 
energies so their peak intensities cannot be correlated to the 
amounts o f each class present in the mixture. Thus, little 
information on their relative abundances can be deduced.
2,3; The analysis of perdeuterioacetvlated mixtures.
Given that certain conditions are satisfied, the 
com bination of these two analytical techniques coupled together 
with the perdeuterioacetylation technique described below can 
become a powerful analytical method. If some degree of 
chrom atographic separation is introduced into the analysis then 
complete analysis o f the products of a deacetylation process 
should be possible. This new analytical technique should allow 
deacetylation reactions to be followed, and once the conditions 
have been established for a particular sugar they can be used 
regardless o f the catalyst for the deacetylation o r the products 
which are formed.
2.4; Analysis of perdeuterioacetvlated samples bv n.m.r.
It has previously been reported that partially 
deacetylated sugars may be reacetylated using d6-ace tic  
anhydride in pyridine in order to identify  the acetyl methyl 
signals in the !H n.m.r.81*82 This is possible because the acetate 
signals, after perdeuterioacetylation, appear at exactly the same 
chemical shift as in the spectrum o f the non-deuteriated 
peracetate. The relative intensities o f these signals will permit 
the extent o f deacetylation to be calculated. Those positions that 
have been fully deuteriated will not give a signal in the *H 
sp ec tru m .
This technique has been used previously to assign the 
acetyl signals in the 'H  n.m.r. spectrum o f a sugar. In a paper 
published very recently Rathbone com m ented that this 
technique could be used as a means o f identifying compounds 
after assignment o f the acetate signals had been m ade.83
As described in the introduction, the assignment of the 
acetate signals can be made with the use of a 2-D heteronuclear 
shift correlation n.m.r. experiment. This obviates the need for 
synthesising several different derivatives, identifying them and 
perdeuterioacetylating them, to enable the signals to  be 
assigned. The assignments can only be made if all the acetate 
signals are well resolved, which is a sine qua non for this 
analy tical technique.
The acetyl groups in sucrose octaacetate are in very 
sim ilar environm ents, hence, their signals have very similar 
chemical shifts and it is likely that some o f them will overlap if 
a spectrum is recorded in a pure solvent. If  the solvent is »hen
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changed different signals may overlap. This solvent dependence 
of the spectrum means that by varying the solvent, or by 
carefully  mixing two solvents together, it is possible that 
com plete separation of the acetate signals may be achieved. For 
exam ple the eight acetate signals of sucrose octaacetate may be 
separated by the use o f a 1:1 m ixture o f pyridine and benzene 
(Fig. 2.2).
Fig. 2.2: The eight acetate signals in the !H n.m.r. spectrum of 
sucrose octaacetate recorded in ds-pyrid ine /dô-benzene (1:1).
I f  a mixture of products from the deacetylation of a sugar 
peracetate is perdeuterioacetylated using d^-acetic anhydride in 
pyridine then the product is in effect the same sugar peracetate.
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However, it  is now substituted by perdeuteriated acetate 
groups. T hese deuteriated groups will have replaced each of the 
acetyl groups which were hydrolysed during the reaction. It is 
therefore possib le  to distinguish between those groups which 
were hydrolysed and those that were resistant to hydrolysis 
(Fig. 2.3)
Fig. 2.3: The acetate region of the n.m.r. spectrum o f a 
perdeuterioacetylated m ixture of sucrose acetates.
In all other respects the compound is identical to any 
ordinary sam ple of the starting material. The !H n.m .r. spectrum 
will be identical to that o f the starting material in the sugar ring 
proton region (Fig. 2.4). The 13C n.m.r. spectrum will likewise be
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identical. There will how ever be differences in the acetyl region 
of the *H n.m.r. spectrum. The chemical shift values o f all the 
peaks will be identical regardless of the am ount and position of 
the deuterioacetate groups. Some of the acetate positions will 
how ever now contain som e perdeuteriated acetate groups.
These will not contribute to the >H n.m .r. signal corresponding 
to  the acetate group.
\— n ----------n ------------\----- fi----------Ti---------- w
Fig. 2.4: The *H n.m.r. spectra of sucrose octaacetate and a 
perdeu terioacety la ted  derivative .
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The signals due to the acetyl groups w hich now contain 
perdeuteriated acetyl groups will therefore be decreased in 
intensity. This will be by an amount directly proportional to the 
am ount of deuterioacetate at that position. This is the only 
difference that can be observed between the spectrum  of an 
authentic sample and a sample that contains deuterioacetate.
The outcome is that the relative amount o f hydrolysis of 
each of the individual acetyl group positions can be determined. 
For example if one position is completely hydrolysed then the 
corresponding peak in the *H n.m.r. spectrum w ill be completely 
absent, and if  half of the acetate groups at one position have 
been hydrolysed then the peak corresponding to that acetate 
will be half the size o f a normal peak. As the acetate positions 
w ill have been previously identified by the n.m .r. techniques 
described before, the exact position of the deacetylations can be 
d e te rm in e d .
2.5; The analysis of oerdeuterioacetylated samples bv mass 
sp ec tro m e try .
Useful information can also be obtained by the mass 
spectrom etric analysis of a perdeuteriated sam ple from a 
deacetylation reaction mixture. The effect of the 
perdeuterioacetylation is to increase the mass o f the 
deuterioacetylated sugar by three mass units fo r each 
perdeuteriated acetate group it contains. For exam ple a sucrose 
pentaacetate sample which is treated with d6-acetic  anhydride 
w ill contain three deuteriated acetate groups (F ig. 2.5). Thus its 
parent ion in the mass spectrum will be nine mass units greater
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than the parent ion obtained from unlabelled sucrose 
o ctaace ta te .
Fig. 2.5: The mass spectrum of a sucrose pentaacetate class after 
perdeuterioacety lation . M/z=696 for sucrose octaacetate, 
m/z=705 for a perdeuterioacetylated pentaacetate containing 
three deuteriated acety l groups.
If  a sam ple containing a mixture o f deacetylation products 
with varying degrees o f acetylation is perdeuterioacetylated 
and then analysed by mass spectrometry, a series o f signals 
corresponding to the parent ions will be observed. These signals 
are each separated by three mass units increasing from the 
parent ion o f the unlabelled starting m aterial due to the
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increasing content of deuterioacetate groups (Fig. 2.6). The 
parent ion peak with the highest m ass will be due to the 
perdeuterioacety lated  free sugar.
Fig. 2.6: The mass spectrum of a perdeuterioacetylated mixture 
o f sucrose acetates. M/z=696 for sucrose octaacetate increasing 
by three mass units for each deuteriated acetyl group.
As the mixture contains in effect just one compound, the 
peracetylated sugar, there w ill be essentially no difference in 
the volatilities or ionisation energies o f the sample as would be 
the case with a mixture which had not been treated in this way. 
This means that the relative intensities of the signals due to 
each of the acetate classes may be used to determine the
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relative com position of the mixture in terms of the classes 
present. This allow s the rate of deacetylation of the starting 
material, and the production of each o f the acetate classes to be 
followed over the course of the reaction simply by 
perdeuterioacetylating a sample of the reaction m ixture and 
analysing the m ixture by mass spectrom etry.
In both glucose and sucrose derivatives the first 
fragm entation in the mass spectrum is very clear. In glucose 
pentaacetate and other derivatives such as methyl glucoside 
tetraacetate, the substituent at the C -l position is cleaved to 
give an ion with m/z=331 (Fig. 2.7). If  the sample of a mixture 
o f products w hich has then been perdeuterioacetylated is 
analysed there w ill be a series of peaks separated by three 
mass units in this region.
O Ac
Fig. 2.7: The initial fragmentation o f glucose pentaacetate.
OAc
OAC
AcOH2C
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In sucrose octaacetate the glycosidic linkage is cleaved to form 
two fragm ents (Fig. 2.8). Both the fragm ent from the pyranose 
and the fragment from the furanose ring will have a mass of 
331 m ass units.
OAc
m/z = 331 m/z = 331
Fig. 2.8: The initial fragmentation o f sucrose octaacetate.
A gain with a perdeuterioacetylated mixture o f sucrose 
acetates there will be a series of peaks each separated by three 
mass units. In some cases these peaks can be used to gain some
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extra  information about the positions of the hydrolysis. For 
exam ple if the mass spectrum of a hexaacetate contains mainly 
a peak at 334 mass units this indicates that the major 
fragm ents contain one deuterioacetate group. This would 
indicate that one acetate group in each ring had been 
hydrolysed. If however peaks were observed at 331 and 337 
m ass units then both the hydrolysed groups must be from  the 
sam e ring.
It is also of interest that when sucrose octaacetate 
fragm ents in the mass spectrometer, the peak corresponding to 
the fragment due to the furanose ring is more intense than that 
due to that of the pyranose fragment. This was observed in the 
m ass spectrum of two octaacetate derivatives, which had been 
synthesised from two heptaacetates and were then 
deuterioacetylated to give specifically labelled octaacetate. This 
led to two peaks one at m/z=331 and one at m/z=334 on 
fragm entation, corresponding to a fragment with no labelling 
and to a fragment with one deuterioacetate group. One o f  the 
sam ples had the labelled acetate in the furanose ring and the 
other had the labelled acetate in the pyranose ring. The peak 
due to the furanose ring was however larger in both cases, 
presumably due to a slightly more stable ion fragment. This 
may be used to give some indication of the positions of 
deacetylation in certain cases.
2.6; The combination of both techniques to analyse samples.
The analysis of the individual species from a deacetylation 
m ixture is, as described previously, complex. The combination
o f the two analytical techniques just described allows a picture 
of the reaction to be drawn. The positions of deacetylation and 
the composition of the mixture by class can be determined. 
However, by combining the use of this type of analysis with the 
separation of the m ixture into classes, a much more detailed 
analysis of the individual components can be made. The 
separation of the m ixture into classes is relatively simple 
compared to the separation of each o f the individual 
components. As will be described below, provided that there is 
some selectivity shown in the deacetylation reaction, a complete 
analysis o f the products may be achieved.
To begin with a deacetylation reaction was followed 
w ithout including the separation step. This technique is useful 
for a fast study of a deacetylation reaction although it does not 
give complete information when used in this form. This 
technique has been used to study the deacetylation of sucrose 
octaacetate (Fig. 2.9) stirred as a suspension, and as a solution in 
acetate buffer solution (pH 5.0). The solubility of sucrose 
octaacetate in water is very low, but the analysis shows that 
there is little difference in the reaction kinetics from using the 
substrate as a suspension. Suspensions were used in the 
majority o f the reactions described in this thesis. The 
deacetylations were catalysed using a yeast esterase (Glaxo) and 
were carried out at room temperature. On completion the 
reactions were stopped by freezing and then dried by 
lyophilisation. The sam ples were then perdeuterioacetylated 
using d6~acetic anhydride in pyridine and analysed by n.m.r. 
and mass spectrometry as described before.
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Fig. 2.9: The structure of sucrose octaacetate.
The identification o f the 8 acetate peaks of sucrose 
octaacetate, necessary for this type of analysis, was carried out 
by Tate and Lyle using the technique of perdeuterioacetylation 
o f known sucrose acetates. This is described in the paper 
published by Rathbone.83 We have since been able to confirm 
the identification of the acetate peaks by use of the >H-13C shift 
correlation experiment previously described. This experim ent 
was recorded in a 1:1 mixture of ds-pyridine and dô-benzene so 
that the acetate peaks were separated out.
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Time (hours)
3'-acetate ----- ■
2- & 3-acetate ----- cr
4-acetate  *
6 '-acetate
1 '-acetate 
4 '-acetate 
6-acetate
Fig. 2.10: The relative rates of hydolysis of the acetate groups of 
sucrose octaacetate, catalysed by yeast esterase.
Fig. 2.10 shows a plot of the rate of hydrolysis of the 
individual acetate positions. The data for this was taken from 
the integrals of the acetate signals determined from the ]H 
n.m.r. spectrum. The percentage hydrolysis of each acetate 
position is calculated by comparison o f the integral o f the signal 
with the integral corresponding to  the 3 '-acetate group. This 
position was found to not be hydrolysed throughout the 
reaction and so provides a reference corresponding to a 100% 
integral, meaning that it has the same intensity as all the others 
had at the start of the reaction.
Comparison of this signal with the integral corresponding 
to  a suitable sugar ring proton signal provides an internal 
standard to confirm  the extent of the hydrolysis. In the case of 
sucrose octaacetate, it was found to be most convenient to use
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the integral corresponding to the anom eric proton at C -l for this 
purpose, as it was well resolved and the integral easily 
m e a s u re d .
T he results show that using th is particular enzyme two 
acetyl groups, in addition to the one attached to  C-3' which is 
used an internal standard, are not hydrolysed to  any significant 
degree after a reaction time of 30 hours. These acetyl groups 
are those attached to C-2 and C-3. I f  the enzyme selectively 
hydrolyses the acetate groups so that one or more of them is 
not hydrolysed at all then the deacetylation study becomes 
simpler. This would also be true if in a  particular sugar one or 
more o f  the acetate groups is particularly  unreactive. In this 
case for example with no hydrolysis o f three of the groups the 
number o f  possible products falls from 256 to ju s t 32. This will 
be discussed again in a later section.
F our of the acetyl group integrals show the presence of 
substantial am ounts of deuterioacetate indicating that there has 
been a substantial amount of hydrolysis at these positions 
during the reaction. Three of these are the prim ary acetyl 
groups, that is those attached to C - l \  C-6 and C-6'. The other 
one is the secondary acyl group attached to C-4’ which as has 
been described earlier is often at least as hydrolytically reactive 
as the prim ary acetate groups.
A fter 6 hours approximately 70% of the acetyl groups 
from C -6 have been hydrolysed with less than 40% of any of the 
other positions having been hydrolysed. A fter 18 hours 
substantial amounts of the acetate groups attached to both C-4' 
and C-6' have been hydrolysed as w ell as the C-6 acetate. A fter 
30 hours in excess of 80% of the acetate groups at C-4' and C-6
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have been hydrolysed. M ass spectrom etric analysis shows that 
after 6 hours almost 50% of the starting m aterial, sucrose 
octaacetate, has been hydrolysed, and that by 30 hours it has 
almost all been hydrolysed (F ig . 2.11).
----- o —  Octaacetate
Fig. 2.11: The hydrolysis of sucrose octaacetate.
There is only a small accum ulation of the heptaacetate 
during the reaction, reaching 10% of the total composition after 
6 hours (Fig. 2.12). As there is a rapid accumulation of lower 
acetates th is suggests that the heptaacetate is rapidly 
deacetylated further. The hexaacetate class is present as about 
30% o f the total composition o f the reaction mixture at its 
maximum after 18 hours, before diminishing as it is further 
hydrolysed. It can be seen tha t the pentaacetate concentration 
is quite high after 18 hours, reaching almost 50% of the mixture 
after 30 hours (fig. 2.13). This is probably at its maximum 
before being converted to the tetraacetate.
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------D—  Heptaacetate
------•—  Hexaacetate
Fig. 2.12: The relative proportions of the heptaacetate and 
hexaacetate classes.
Tetraacetate
Fig.2.13: The relative proportion of the pentaacetate and 
tetraacetate classes.
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The combination of these results provides a general 
picture of the reaction. The predom inant heptaacetate is likely  
to be the one with the acetoxy group from C-6 hydrolysed. The 
hexaacetate class may be more mixed, although as the C-6 and 
C-4' positions were most rapidly deacetylated, the 1',2,3,3’,4 ,6 '- 
hexaacetate will probably be the major component. The n.m .r. 
data suggest that the major pentaacetate will be the 1 ',2,3,3',4- 
pentaacetate with the 4',6 and 6' acetate groups hydrolysed and 
the m ajor tetraacetate the 2,3,3 ',4- derivative. The only 
triacetate likely to be present is the 2,3,3'- derivative. The data  
show that a fairly small amount o f the acetate at C-4 is 
deuteriated. This is almost certainly not due to direct enzym atic 
hydrolysis, but rather due to hydrolysis of the acetyl group at 
C-6 followed by acetyl migration from C-4 to C-6. As has been 
described earlier, this is a particular facile migration. The 
reaction was carried out at pH 5 in order to minimise the 
am ount of acyl migration. However, a small amount still occurs.
There is a limit to the interpretation o f these data, which 
can only be used to get a broad view of this reaction. It can be 
used as above, to predict when to terminate a reaction in order 
to get the highest percentage of a particular class of products. It 
can also be used to make fairly accurate assignments of the 
m ajor products.
No information can be easily determined about the m inor 
products. It is also more than possible that the composition o f  a 
particular class will change markedly over the course of a 
reaction. For example, the heptaacetate formed first will be the 
one with the most reactive acetoxy group hydrolysed. This w ill
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then be hydrolysed to a hexaacetate and so on. However, 
sm aller amounts of other heptaacetates may be formed and 
these may then be further hydrolysed more or less rapidly than 
the major one. It is thus quite conceivable that a heptaacetate 
may be formed which is further hydrolysed extrem ely slowly 
and so accumulates whilst all the others are being further 
hydrolysed. It w ill therefore increase in concentration relative 
to the other heptaacetates. The type of analysis ju s t described 
will not be able to identify such a situation whether it occurs in 
the heptaacetate class or any o f the other classes, unless it 
causes a noticeable effect on the "class picture". To analyze 
com pletely the deacetylation a more detailed method is 
re q u ire d .
2.7: Analysis of a deacelvlation reaction in greater detail: The 
deacetvlation of glucose pentaacetate.
To study the deacetylation process in greater detail, a 
more advanced version of the above technique was developed 
by the introduction of a chrom atographic separation. As 
described earlier the separation of all the products of such a 
reaction will be impossible. However, the products do run in 
"class" order when subjected to chromatography on silica. This 
is really to be expected as all the members of a class have the 
same number of free hydroxyl groups even if the hydroxyl 
groups are in different positions on the sugar. If the products of 
a reaction are separated into classes and analysed as described 
above a considerably larger amount o f information can be 
found. Provided that the reaction being studied has some
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degree of selectivity, a total solution of the deacetylation 
process may be achieved. As some degree o f  selectivity is 
required in any deacetylation for it to be o f  any interest, this 
method should generally be applicable.
In order to develop this method it was decided to study 
the deacetylation of P-D-glucose pentaacetate (Fig. 2.14) as a 
model, using the lipase from Aspergillus n iger. By starting with 
a monosaccharide the method could be developed on a 
reasonably simple process as there are only five acetate groups 
present . The reaction had been previously studied by Shaw and 
Klibanov so a comparison of results could be made to verify the 
use of this method.52 Shaw and Klibanov's method of analysis 
was not felt to be sufficiently detailed or straightforward but 
was able to provide a comparison.
Fig. 2.14: The structure of glucose pentaacetate.
Analysis of a mixture of products from  the deacetylation 
reaction by n.m.r. spectrometry after perdeuterioacetylation 
showed that both a -  and p-anomers o f g lucose pentaacetate 
were present. This occurs because the acetyl group at C -l is the 
most reactive towards hydrolysis and this position is therefore 
rapidly hydrolysed. This means that the sugar now possesses a 
free hydroxyl group at C -l, the anomeric position. The sugar is
OAC
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therefore able to epimerise by ring opening and closing to give 
a mixture of the two anomers (Fig. 2.15).
CH2OH OH
Fig. 2.15: The anomérisation of glucose derivatives.
This com plicates the analysis because there are now ten 
acetyl methyl signals in the n.m .r. spectrum. Separation of 
the different signals was not im mediately achieved so it was 
decided that the study of a sugar blocked at C -l would be more 
straightforward. The sugar chosen for this was O -m e th y l-a -D - 
glucopyranoside tetraacetate, a glucose derivative which has 
four acetate groups, at C-2, 3, 4 and 6 and a methyl group 
attached to 0 -1  (Fig. 2.16). It was expected that this methyl 
group would be stable under the reaction conditions and would 
therefore not allow anomérisation to occur. The presence of only 
four acetates should also simplify the analysis.
7
OAC
Fig. 2.16: M ethy l-a-D -g lucopyranosidc .
The deacetylation of the methyl glucopyranoside 
tetraacetate w ith A. niger lipase was carried out and a sample 
of the reaction m ixture was perdeuterioacetylated and analysed 
by *H n.m.r. spectroscopy. The acetate region of the spectrum 
contained more signals than the four that were expected after 
perdeuterioacetylation. Analysis o f the full spectrum  revealed 
the presence o f three different com pounds. These were 
identified as the methyl glucoside as expected together with 
both a -  and (3-glucose pentaacetate. This indicated that the 
anomeric position had once again been deprotected to leave a 
free hydroxyl group. A nom érisation therefore occurred once 
more. The products that had not been deprotected at the 
anom eric position were peracetylated to give the starting 
material. Those where the C -l position had been deprotected 
were peracetylated to give a m ixture o f the anomers of glucose 
p en ta a c e ta te .
The other anomer of methyl glucoside was also used for a 
deacetylation reaction. This sugar was also deprotected at the C- 
1 position although not as quickly as the first anomer. However, 
this compound was not suitable for our method of analysis
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cither, because it again gave rise to twelve different signals in 
the acetyl region of the *H n.m.r. spectrum.
Tests on the stability of the starting glucosides under the 
reaction conditions, but without the presence of the enzyme 
showed no deprotection at C -l. This suggests that the process 
was enzymatically catalysed. A solution of the free sugar, 
m ethyl-a-D -glucopyranoside, was also stirred with the enzyme 
in buffer solution. Peracetylation o f the product after a reaction 
time of 18 hours showed the presence of approximately 10% of 
glucose pentaacetate as well as the starting compound. A control 
experiment carried out without enzym e showed no removal of 
the methyl group. The enzyme preparation used was not 
further purified after purchase and almost certainly contains 
other activities. It is likely that one o f these catalyses the 
deprotection at the C -l position.
The use of methyl glucopyranoside was obviously not a 
suitable case to study for these reasons. Although it would 
probably have been possible to have found a sugar suitably 
protected at the C -l position perhaps by a bulkier group, this 
was not attempted because further investigations showed that 
the signals in the acetyl region of the n.m.r. spectrum of both 
glucose pentaacetates could be successfully resolved. This 
meant that the analysis of the hydrolysis of glucose 
pentaacetate could now be attem pted and com parison with the 
work of Shaw and Klibanov could be made.52
The separation was achieved by careful mixing of n.m.r. 
solvents. It was found that a 1:1 m ixture of ds-pyridine and de­
benzene gave reasonable separation of the acetate peaks. This 
was inadequate for the purposes o f the experiment as two of
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the peaks overlapped enough to make m easurem ent of the 
integrals inaccurate. On addition o f a small amount of ds- 
pyridine these tw o peaks separated  sufficiently without any of 
the others overlapping (Fig. 2 .17). It was found that a ratio of 
ds-pyrid ine to d6-benzene o f 7 :6  provided the correct solvent to 
ensure peak separation.
Fig. 2.17: The acetate region o f the !H n.m.r. spectrum of glucose 
pentaacetate, showing the ten resolved acetate signals, recorded 
in a 7:6 mixture o f ds-pyridine and d6-benzene.
Once separation of all the acetate peaks had been 
achieved it was necessary to assign each o f the signals. The 
identification of the signals corresponding to  each o f the
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anomers was easily determined by recording the 1H spectrum  
of a sample containing a 2:1 mixture of the two anomers of 
glucose pentaacetate in the 7:6 mixture o f ds-pyridine and d e ­
ben zen e .
To determine the identity of the individual acetate signals 
the *H -,3 C shift correlation experiment described earlier was 
used (Fig. 2.18). It was found that the position of the signals in 
the acetyl region of the JH spectrum for each of the anomers 
was almost identical whether it was recorded on its own or in 
the presence of the other anomer. This meant that the 2-D 
correlation could be recorded on the individual anomers. This 
experim ent was carried out for glucose pentaacetate and the
Fig. 2.18a: The 2-D shift correlation spectra used to identify the 
individual acetate signals in p-D -glucose pentaacetate.
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Fig. 2.18b: An expansion of the acetate region of the 2-D shift 
correlation spectra used to identify the individual acetate 
signals in p-D-glucose pentaacetate.
The analysis of the deacetylation of p-D -glucosc 
pentaacetate catalysed by lipase A from A. niger was then 
carried out. The experiments were carried out at pH 7.9 in 
phosphate buffer at 30°C with stirring. Initially, owing to its 
insolubility, the substrate formed a suspension. As the 
deacetylation proceeded the suspension dispersed. This was due 
to the formation of the much more water-soluble lower 
acetates.
On completion, the reaction mixture was immediately 
frozen to prevent further reaction and then dried by 
lyophilisation. A small sample was removed from the mixture; 
this was used to obtain an overall picture of the deacylation in
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the sam e way as for the wheat germ  lipase/sucrose octaacetate 
experim ent. To do this, the sample was perdeuterioacetylated 
and then analysed by mass spectroscopy. After 
perdeuterioacetylation the sample w ill contain glucose 
pcntaacetate with varying amounts o f  deuterioacetate present. 
The differing amounts of deuteriation w ill be revealed as a 
series o f peaks in the mass spectrum separated by 3 mass units 
i.e. M, M+3, M+6, etc. The relative intensities of these peaks 
allows the amount o f each class of partly acetylated product to 
be calculated. This can be used to construct an overall picture of 
the reaction.
In chemical ionisation mass spectrom etry with ammonia 
as the carrier gas, the molecular ions all appear as 
quasim olecular (M +NH 4 )+ ions. The peak for the starting 
m aterial therefore appears at m/z=408 with the peaks 
increasing up to m/z=423 for perdeuterioacetylated glucose 
(Fig. 2.19) The relative intensities of these peaks allows the 
com position of the m ixture to be determined for each reaction 
tim e.
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Fig. 2.19: The mass spectrum of a m ixture of glucose acetates 
a f te r  perdeu terioacety lation .
The dried product was extracted with a com bination of 
ethyl acetate and ethanol and adsorbed onto a small am ount of 
silica. The mixture was then separated into acetate classes by 
chromatography on silica gel. Each o f the classes of acetates was 
perdeuterioacetylated using the usual method. The sam ples 
w ere then analysed by 1H n.m.r. spectroscopy to determ ine the 
com position. Mass spectroscopy was also used to confirm  the 
identification o f the classes.
As described earlier in this chapter the reduction in size 
o f  the integral o f an acetate peak corresponds to the am ount of
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perdeuterioacetylation at a particular position. This is entirely 
dependent on the degree o f hydrolysis at a particular position. 
One advantage of the presence of both anomers in the samples 
is that in the !H n.m .r. spectrum of the acetyl region two sets of 
data, one for each anomer, may be obtained for each sample 
(Fig. 2.20).
Fig. 2.20: The acetate region of the *H n.m.r. spectrum of a 
perdeuterioacetylated m ixture of glucose acetates.
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The advantage of analysing the deacetylation mixture after 
chrom atographic separation is as follows. A sample of the hydrolysis 
reaction w ill contain a mixture o f pentaacetate, tetraacetates, 
triacetates, diacetates, monoacetates and glucose. As described above 
the relative com position of the reaction m ixture can be determ ined 
from the small sample removed prior to the separation. The JH n.m .r. 
spectra of each of the classes can be used to calculate its com position. 
This is because a series of equations can be derived, relating each of 
the n.m.r. integrals and the different components of the class to  each 
other. Solution of these equations allows the relative amount of an 
individual species to be determined as described below.
2.7.1; Analysis of the tetraacetate fraction.
The te traaceta te  fraction, after perdeuterioacetylation, contains 
glucose pentaacetate with all the hydrolysed acetyl groups now 
replaced by a d3 -acetyl group. The *H n.m.r. spectrum of the sam ple 
will be identical to that of glucose pentaacetate except that the 
signals corresponding to the acetyl groups which were hydrolysed 
during the reaction w ill be diminished in area.
There are five possible tetraacetates formed in the hydrolysis:- 
1,2,3,4-tetraacetyl glucose, 1,2,3,6-tetraacetyl glucose, 1,2,4,6- 
tetraacetyl glucose, 1,3,4,6-tetraacetyl glucose and 2,3,4,6-tetraacetyl 
glucose. These are represented in the array below, where pi 
represents the 1,2,3,4-tetraacetate, p2 the 1,2,3,6-tetraacetate etc.
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1 2 3
1 2 3
1 2
1 -  3
2 3
4 PI
* 6 P2
4 6 P3
4 6 P4
4 6 P5
The relative decrease in the signals allows the composition of the 
class to be calculated. The integral corresponding to the C -l acetate 
group has contributions from four o f these products, p i ,  p2 , P3 and p4 . 
An equation can therefore be derived:
II = P1+P2+P3+P4- 1
If the reaction is selective so that one of the groups is not 
hydrolysed at all, then an equation can be derived for the integral 
corresponding to this position. It is in effect the same size as the 
remaining positions were at the start of the reaction and can be 
denoted by Iioo%- Alternatively, if  there are no positions which have 
not been hydrolysed, comparison with the sugar ring proton integrals 
w ill allow this equation to be derived.
IlOO% = P1+P2+P3+P4+P5 2
subtracting 1 from 2 gives:
Il00% -Il = P5 = di 3
8
w here dj corresponds to the decrease in the size o f the integral 
corresponding to the acetate group at C -l.
Therefore the percentage of the 2,3,4,6-tetraacetate can be 
determined from the percentage decrease in the peak corresponding 
to the C-l-acetyl group which is the group hydrolysed to form this 
tetraacetate. Similarly the percentage o f 1 ,3,4,6-tetraacetate is given 
by the decrease in the peak corresponding to the C-2-acetyl group.
2.7.2: Analysis of the triacetate fraction.
In this case there are ten possible products each containing
three acetate groups as shown in the array below The appearance
a number indicates that the corresponding acetyl group is present
the particular product.
1 2 3 - - P I
1 2 - 4 - P2
1 2 - 6 P3
1 3 4 - P4
3 6 P5
1 4 6 P6
2 3 4 - P7
2 3 - 6 P8
2 - 4 6 P9
- 3 4 6 PI 0
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Using the above array a series o f equations relating the 
integrals of each acetate peak to the individual triacetate species can 
be derived. The relative size o f the integral corresponding to a 
particular acetate group will depend on the quantities of the species 
tha t contribute tow ards it. If every  different product in the m ixture 
contains a particular acetate group (i.e. the group is totally resistant 
tow ards hydrolysis) then the integral will have a contribution from 
all the products and so will be equivalent in size to the integral at the 
start of the reaction (Iioo%)- If there is some hydrolysis of the 
position, then the integral will have contributions from the products 
w hich contain that acetate. At the same time the decrease in the size 
o f  the integral is due to all the products which do not contain that 
acetate group. For example the decreases in the signal of the C l-  
acetyl, denoted by d i ,  is due to the possible formation of four 
products. These are indicated in the above array by p7 , ps, pg and 
P 10- None of these products will contain an acetate at C -l and so will 
m ake no contribution to the corresponding integral. An equation can 
therefore be formed relating the decrease in the integral to the 
relative amounts o f these four products:
d l = P7+ P8 + P9+ PlO
In the same way a similar equation can be derived for the 
decrease in size of the integral corresponding to the C-2 acetate. In 
this case the four products not containing an acetate at C-2 are p4 , p5 , 
P6 and pio- This gives:
d2 = P4+P5+P6+P10
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Similar expressions can be derived for each o f the other acetyl 
positions.
<*3 = P2+P3+P6+P9 
d4 = P1+P3+P5+P8 
<*5 = P1+P2+P4+P7
This gives us 5 equations with 10 unknowns. However given 
some selectivity in the deacetylation reaction these can be simplified. 
In this case the acetate group at C-6 is resistant to hydrolysis and as 
seen in the tetraacetate class the acetate group at C -l is totally 
hydrolysed before the others. The resistance of the C-6 acetate group 
to hydrolysis can be checked by comparison of its n.m.r. signal 
with those o f the sugar ring protons. This means that all the products 
must contain an acetate at C-6, which eliminates the products 
represented by p i ,  p2, P4 and p7 and that the product must not 
contain an acetate at C -l, eliminating products p i-p6 . Eliminating 
these products from the above equations simplifies the problem to 
four equations and three unknowns which can be solved.
d l = P8 + P9 + P10 
¿2  = P10 
d3 = P9 
d4 = P8
Values for the relative amounts of each o f the triacetates can 
therefore be determined from the n.m.r. data. This can be used in 
conjunction with the previously described analysis o f the
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composition of the reaction mixture to calculate the proportion of 
each individual triacetate species in the overall mixture.
2,7,3; Analysis o f the diacetate fraction.
As with the triacetate class the diacetates must contain an 
acetate group at C-6 and must not contain one at C -l. In this case, of 
the 10 possible diacetates, only 4 contain the acetate at the C-6 
position. As the C-6 position is resistant to hydrolysis, all of the 
products will contain an acetate group at this position. The possible 
products are shown by the array below :-
6 p i
6 p2
6 P3
4 6 p4
This array allows a set of expressions relating the n.m.r. 
integrals to the acetate species to be derived leading to four 
equations and four unknowns:-
d 1 = P2 + P3 + P4 
d2 ■ PI + P3 + P4 
<*3 = PI + P2 + P4 
d4 = pi + P2 + P3
The relative proportions of the diacetates can therefore be 
calculated by the solution of these simultaneous equations.
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The monoacetate fraction consists almost entirely of 6 -0 -  
acetyl glucose and the relative amount of this monoacetate and 
o f glucose may sim ply be determined from the mass 
spectrom etric data used to determine the class com position of 
the total mixture.
2.7,4; Results.
The analysis o f the overall reaction is determ ined from 
the mass spectrom etric data found from the 
perdeuterioacetylated samples removed prior to the separation 
process. Sets of data were determined from the samples 
rem oved from two separate experim ents. The graphs obtained 
from plots of the data are very similar in pattern. The 
d ifferences that are present indicate that the second experiment 
proceeded slightly faster than the first probably due to a 
stronger buffer solution (Figs. 21a, 21b). The data shows that 
the com plete hydrolysis of the starting material, glucose 
pentaacetate, had occurred after 75 minutes, although in excess 
of 80% had been hydrolysed after ju s t 40 minutes of reaction 
(fig. 2.21a). This follows the pattern expected for the 
deacetylation of a substrate, showing a decaying concentration 
over the course o f the reaction.
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Tetraacetate
Triacetate
Monoacetate
G lu co se
Pentaacetate ------Diacetate
Tetraacetate ------■ —  Monoacetate
Triacetate ----- ° -----  G lucose
Fig. 2.21a & b: The composition of the mixture by acetate class, 
from  two separate experiments, for the deacetylation o f glucose 
pentaacetate catalysed by lipase A.
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T he tetraacetate accum ulated rapidly, reaching m axim um  
concentration after approxim ately 40 m inutes at which tim e it 
formed alm ost 80% o f the reaction mixture. From this tim e 
onw ards it decreased in quantity as it was further deacetylated 
to form  the triacetates, until after 100 minutes there was only a 
small am ount left. A fter 150 minutes all the tetraacetate class 
had been further hydrolysed.
T he triacetate class had its m aximum composition at 
between 90 and 100 minutes. At this point it accounted for 
about 65%  of the total mixture. This again was further 
deacetylated to form the diacetate class, so that after 150 
m inutes it was only present in a very small amount.
T he diacetate class accumulated slowly over the course of 
the reaction . It was first apparent after 60 minutes and slowly 
increased in concentration until after 150 minutes it becam e the 
major com ponent of the mixture.
T he relative quantities o f both the monoacetate and of 
glucose w ere increasing towards the end of the reaction as 
would be expected. The resistance of the C-6 acetate to 
hydrolysis mentioned earlier should have ensured that the 
m onoacetate to glucose conversion was fairly slow. There is a 
reasonably high proportion o f glucose present suggesting that 
the hydrolysis of the C-6 acetate is m ore favourable in the 
absence o f other acetate groups.
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OAC
OAc
Fig. 2.22: The m ajor tetraacetate: 2 ,3 ,4 ,6-te tra-O -acety l-D - 
glucose.
The analysis o f the tetraacetate group is, as mentioned 
earlier, straightforw ard. O f the five possible products, the data 
obtained from the n.m .r. integrals o f the acetyl signals, indicated 
the presence of ju s t three. One o f these, the 2,3,4,6-tetraacetate 
(Fig. 2.22) was present in a substantially greater concentration 
than the others. By com bining the data about the tetraacetate 
class composition w ith the data detailing the contribution of the 
tetraacetate class to  the overall reaction m ixture the absolute 
amount o f the individual tetraacetate species could be 
calculated. This data is shown in fig. 2.23. This shows that the
2.3.4.6- tetraacetate accounts for approxim ately 50-55% o f the 
mixture between 40 and 60 minutes. The minor products, the
1.3.4.6- and 1,2,4,6-tetraacetates accounted for, at most, 5% of 
the total mixture.
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-ta—  2,3,4,6-Tetraacetate 
—  1,3,4,6-Tetraacetate 
-o—  1.2.4.6-Tetraacetate
Fig. 2.23: The composition of the tetraacetate class.
The triacetate com position can  be straightforw ardly 
determined from the analysis o f the n.m.r. integrals. This class 
was not dominated by any one particu lar species. O nce again in 
combination with the data for the overall com position of the 
mixture the absolute amount of each  o f the triacetates could be 
calculated. This data is shown in fig . 2.25. There were three 
different triacetates present in the m ixture, all had a peak 
concentration at about 90 minutes w ith the major one, the
2,4,6-triacetate, accounting for 25% o f  the total product (Fig. 
2 .24).
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Fig. 2.24: The major triacetate: 2 ,4 ,6 -tri-O -acety l-D -g lucose.
The other tw o, the 3,4,6- and 2,3,6-triacetate accounted for 
19% and 15% respectively. As both the two m ajor triacetates 
involved no deacetylation o f the C-4 acetyl group it would seem 
to  suggest that this group is most resistant tow ards hydrolysis 
after the C-6 group.
2.4.6-Triacetate
------n—  3.4.6-Triacetate
Fig. 2.25: The composition o f the triacetate class.
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Analysis of the diacetate fraction, using the methods 
described above, reveals the presence of three diacetate 
compounds (fig. 2.26). One of these, the 2,6-diacetate, is present 
in higher concentration than the other two, accounting for over 
20% of the total product after 150 minutes. This diacetate 
together with the 3,6-diacetate increase by a large amount 
between 75 and 150 minutes. The third diacetate observed, the
4 .6- diacetate, rem ains at an alm ost constant concentration of 
ju s t under 5% for this period. This suggests that this particular 
diacetate was either rapidly hydrolysed to the monoacetate or 
alternatively only formed by an unfavourable hydrolysis. The 
selectivity therefore seemed to  have changed from that 
detected for the triacetates as the two preferred diacetates 
w ere the 2,6- and the 3,6-derivatives. This means that the C-4 
acetate must have been more reactive towards hydrolysis in the
2.4 .6- triacetate than it was in the tetraacetate derivative. 
Occasionally a diacetate class sample was contaminated by some 
o f the monoacetate, detected by the mass spectrometric analysis 
o f the samples and allowances for the amount of contamination 
w ere made.
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3 0
Time (min)
----- n —  2,6-Diacetate
•  3,6-Diacetate 
" ■  - 4,6-D iacetate
Fig. 2.26: The composition of the d iacetate class.
As mentioned previously the concentrations of the 6- 
m onoacetate and of glucose are sim ply determined from the 
data for the overall mixture. This data is shown in fig. 2.27.
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----- ------ Monoacetate
------•-----  G lucose
Fig. 2.27: The relative amounts of the monoacetate and o f 
glucose.
A full analysis o f the deacetylation of glucose pentaacetate 
catalysed by A. niger  lipase has therefore been achieved. It is a 
particularly interesting deacetylation in  that the acetoxy group 
m ost resistant to hydrolysis is at the C-6 position. This is the 
prim ary position and would be expected to be the most reactive 
o f  the groups. This shows the advantages of enzymatic 
deacetylations. The relative reactivity o f  enzymatic 
deacetylation is by no means necessarily the same as w ould be 
expected from the chemical reactivities of a compound. The 
selectivity o f a deacylation may vary considerably with 
d iffe ren t enzym es.
This method of analysis shows sim ilar results to that of 
Shaw and Klibanov.5^ a  considerable amount of extra detail is,
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how ever, provided relating to the deacetylation process. The 
identification and estimation of the individual species in the 
potentially complex mixture is possible. The method should also 
be generally applicable, without modification, to the study of 
the deacetylation of glucose pentaacetate by any other enzyme 
provided that a certain minimum selectivity is observed in the 
system . This selectivity is readily apparent from the analyses of 
the crude mixtures without any need for separation. This 
m ethod has been described earlier.
It should be noted that this enzymatic deacetylation 
reaction was carried out at pH 7.0. A t this pH the conditions are 
suitable for the acetyl migrations previously described to occur. 
As the C-6 acetate is resistant to hydrolysis, the particularly 
favourable C-4 to C-6 migration is not possible. It is, however, 
possible that other migrations around the ring may occur. This 
analytical method only gives information about the identity of 
the different products present when the deacetylation reaction 
is stopped. The enzyme may not necessarily catalyse the 
form ation o f these products as rearrangem ents may occur 
during  the reaction and will not be detected by this method of 
analysis. The true selectivity of an enzyme can really only be 
determ ined when there is no possibility of acetyl migrations 
occu rring .
There are of course errors inherent to this analytical 
technique. An estimation of the size of these errors could be 
made for this analysis owing to the presence of the two 
anom ers, which were in equilibrium with one another. Two sets 
o f n.m .r. integral data, one for each anomer, were produced for
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each experiment. A com parison of the two sets of data allowed 
an estimation of the error to be made as ±8% . The analysis of 
the deacetylation of sucrose octaacetate described below used 
alm ost identical procedures and techniques. It is, therefore, 
assumed that the same errors will be present in the analytical 
m e th o d .
2,8; Deacetvlation of sucrose octaacetate using veast esterase.
To test our method of analysis further the deacetylation of 
the disaccharide, sucrose octaacetate (Fig. 2.28), catalysed by 
wheat germ lipase was carried out. The analysis of the 
deacetylation is more com plex this time ow ing to the increased 
number o f acetate groups present in the substrate. Provided 
that there is selectivity in  the reaction, a complete solution may 
be possible although the analysis of the penta-, tetra- and 
triacetate classes is potentially the most difficult because of the 
number of possible products. If the hydrolysis reaction is 
selective then a large number o f these products may be ruled 
out, thus simplifying the mathematical analysis considerably.
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Fig. 2.28: Sucrose octaacetate.
The experimental procedure followed w as very sim ilar to 
tha t previously employed fo r the glucose pentaacetate/lipase A 
analysis. A suspension of sucrose octaacetate was stirred with 
w heat germ lipase in phosphate buffer (pH 7 .0 ) at 30°C. After a 
set time the experiment was stopped and the mixture was 
lyophilised. Initially, the reactions were carried out on a small 
scale and the product was perdeuterioacetylated without 
further purification. Analysis of these sam ples by mass 
spectrom etry allowed a profile of the reaction to be determined 
which allowed reaction times for the larger samples to be 
determ ined (Fig. 2.29).
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Time (hours)
Tim e (hours)
Octaacetate
Heptaacetate
Hexaacetate
P en taacetates
Tetraacetates
Triacetates
Diacetates
M onoacetates
Sucrose
Fig. 2.29: The class composition o f the mixture.from the small 
scale deacetylation o f sucrose octaacetate catalysed by wheat 
germ lipase.
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The large scale reactions were carried out in an identical 
m anner. On com pletion the samples w ere frozen and 
lyophilised . A fter extraction with ethyl acetate and ethanol to 
rem ove the majority of the crude enzym e a small sample was 
rem oved for analysis of the class com position. The rem ainder of 
the mixture was adsorbed onto a small am ount of silica gel. The 
m ix tu re  was then separated by chrom atography on silica gel, 
e lu ting  with a combination o f petroleum ether (b.p. 40°-60°C ), 
e th y l acetate and ethanol.
The fractions were analysed by t.l.c. and collected into 
a c e ta te  classes. These were then perdeuterioacetylated using 
d ¿ -acetic  anhydride in pyridine as in the previous analyses. 
N .m .r. and mass spectrometry were then used to obtain the data 
necessary  for the class analysis. The data  from the n.m.r. 
in teg rals  were used to calculate the com position of the class 
w ith  the mass spectrometric data confirm ing the identity o f the 
c la s s .
The overall profile of the reaction shown in fig.2.30 shows 
th a t the expected pattern of hydrolysis is found. The substrate, 
sucro se  octaacetate, is hydrolysed to produce the lower acetate 
classe s  until after 36 hours it has all been partially 
deacetylated. The heptaacetate class is the first to be produced 
from  the deacetylation, but is rapidly further hydrolysed. There 
is  very  little accumulation o f the heptaacetate class with no 
m ore  than 10% o f the total mixture being heptaacetate at any 
t im e .
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2,8,1; Analysis of the hcptaacetate class.
The composition of the heptaacetate class and hence the 
amount of each of the individual heptaacetate species is 
straightforw ard to  determine. There are 8 possible 
heptaacetates which may be formed as shown below.
An array to  represent the eight heptaacetate species.
2 3 4 6 r 3’
2 3 4 6 r 3*
2 3 4 6 r
2 3 4 6 3*
2 3 4 r 3*
2 3 6 r 3’
2 4 6 r 3*
3 4 6 r 3’
4’ P 1
6’ P 2
4* 6* P3
4' 6' P 4
4' 6' p5
4’ 6* P 6
4' 6’ p 7
4’ 6' P 8
The integral corresponding to the C-2 acetate peak is 
made up from contributions due to seven o f the heptaacetate 
sp ec ies
IC-2 = pl+p2+p3+p4+p5+p6+p7 4
Similar equations can be derived for each of the acetate 
peaks giving eight equations and eight unknowns. This means 
that the solution may be found. If  there is selectivity in the 
reaction such that one of the acetate groups is not hydrolysed
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then this w ill have a contribution from all the species and so 
will correspond to
Ic -100%= p i +p2+p3+p4+p5+p6+p7+p8 5
subtracting 4 from 5 gives
Ic -100% * Ic -2 = p8 = d2 6
W here d2 is the decrease in the integral corresponding to 
the acetate group at C-2.
This value can be determined from com parison of the 
integral fo r the C-2 acetate with the integral corresponding to 
the 100% integral, allowing the proportion of species p8 in the 
heptaacetate class to be calculated. This process can be repeated 
for the rest o f the heptaacetates to find the class composition. 
Using this information in conjunction with data about the 
relative am ount of the heptaacetate class in the crude mixture, 
the am ount of each individual heptaacetate species in the 
overall m ixture can be determined.
In this reaction three major heptaacetates w ere formed 
i.e. the r,2 ,3 ,3 \4 ,4 ',6-heptaacetate which was the m ajor 
component although it only accounted for 3% of the total 
mixture and the 1',2,3,3',4,6,6’- and the 2,3,3,,4 ,4 ',6 ,6’- 
heptaacetates (fig. 2.31).
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1 ',2,3,3',4,4',6-heptaacetate 
1 '^ .S .S 'A S .e '-hep taaceta te  
2I3,3,,4,4,,6,6'-heptaacetate
Fig. 2.31: The composition of the heptaacetate class.
2.8.2: Analysis of the hexaacetates.
The hexaacetate class is more complicated to analyse due 
to the possibility of forming 28 different products. A set of 
equations similar to those derived for the heptaacetates can be 
found and the analysis, for sim plification, relies on the 
hydrolysis being selective. The data from the n.m.r. integrals 
provide 8 equations but this tim e there are 28 unknown 
quantities. To achieve a solution some simplification is required. 
By eliminating all the products which cannot be formed, this 
simplification can be made. All the hexaacetates that cannot be 
formed by the subsequent deacetylation of the identified
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heptaacetates can be eliminated from  the analysis. All the 
hexaacetates containing acetate groups which have been totally 
hydrolysed, indicated by com plete absence from  the JH n.m.r 
spectrum, together with those not containing groups which have 
not been hydrolysed, indicated by still having a 100% integral 
in the *H n.m.r. spectrum may also  be elim inated.
In the sucrose octaacetate/w heat germ  lipase hydrolyses 
the identification of the hexaacetates was sim plified by the 
selectivity of the deacetylation. For example, from the data on 
the heptaacetates, the hexaacetates had to have at least one of 
either the C - l \  C-4* or C-6' positions deacetylated. This 
information allows the number o f possible products to be 
substantially reduced. The n.m.r. data for some o f the samples 
also indicated that the C-2, C-3.C-3' and C-6 positions had not 
been hydrolysed, hence further sim plifying the analysis.
Provided that there is some selectivity  in the hydrolysis, not 
necessarily as much as above, the analysis can be simplified 
sufficiently such that the com position may be determined. The 
hexaacetate class from the 12 hour reaction was the only one 
for which a complete solution could not be achieved. In all cases 
one major product, r ,2 ,3 ,3 ',4 ,6 -hexa-0 -ace ty l sucrose, was 
found (Fig. 2.32).
104
0  1 0  2 0  3 0  4 0  5 0
Time (hours)
----- °—  Hexaacetate class
------ □ —  1',2,3,3',4,6-hexaacetate
------ ■ —  2,3,3 ',4,4 ',6-hexaacetate
------ •—  2,3,3,,4,6,6'-hexaacetate
Fig. 2.32: The composition of the hexaacetate class.
The o ther hexaacetates identified were the 2,3,3 ',4,4 ',6- 
and 2,3,3’,4,6,6 '-hexaacetates. As with the heptaacetates there 
was no significant accumulation of any o f the hexaacetate 
species. Between 18 hours and 24 hours the 1',2,3,3',4,6- 
hexaacetate accounted for just over 10% o f the total mixture, 
with the other species only being present as about 1% of the 
total m ixture.
2.8.3: A nalysis of Ihe pemaacetaies.
The pentaacetate class may be composed of up to 56 
different com pounds. To allow complete analysis of the class 
some selectivity  must be seen in the products thereby
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simplifying the equations which can  be formed for the different 
peak integrals. In this deacetylation reaction 3 pentaacetates 
were observed throughout the reaction  together w ith small 
amounts of 3 other products identified at the end o f the 
reaction (Fig. 2.33).
Pentaacetate c la ss 
2.3.3'.4.6-oentaacetate 
1',3,3',4,6-pentaacetate 
1'.2.3.3'.6-Dentaacetate 
1 '.2.3.4.6-Dentaacetate
Fig. 2.33: The composition of the pentaacetate class.
One of the pentaacetates in particular did accumulate in 
the reaction mixture, accounting fo r 34% of the total products 
after 48 hours. The other two pentaacetates were only present 
in quantities of about 15% of the total mixture.
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2,8.4; Analysis of the tetraacetates.
T he tetraacetate class is potentially  the la rgest with 70 
possible species. In this case, the analysis was again  simplified 
by the selectivity shown in the products. The predom inance of 
one particu lar pentaacetate together with the presence  of some 
groups showing no hydrolysis during the reaction m ade the 
analysis much less difficult. This is because many o f  the 
theoretically  possible products can be eliminated from  the 
ca lcu la tio n s .
In the first tw o sam ples, three tetraacetates were 
observed with the 2,3,3 ',6- and the 3,3 ',4,6 -te traaceta tes being 
the m ajor two. They accounted for 6.3% and 7.2% , respectively, 
o f the to tal reaction m ixture after 18 hours, with the  3,3’,4,6- 
te traaceta te  becoming m ore prevalent after 36 hours accounting 
for 17.5% of the mixture (Fig. 2.34). This te traacetate was then 
further hydrolysed as indicated by the fact that th e  tetraacetate 
class, a fter 48 hours, was small and was composed o f  two 
d iffe ren t compounds, the 2 ,3,3 ',4- and 2,3,3 ',6 -te traaceta tes.
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Fig. 2.34: The composition o f the tetraacetate class
2JS.5; Analysis of the triacetate class
The triacetate class was analysed in similar fashion. The 
com position o f the class after 18 hours could not be totally 
determ ined, but the major product was identified as 2 ,3 ,3 '-tri- 
O  -acetyl sucrose present as 5.4% of the mixture. A fter 36 hours 
tw o major products, the 3 ,3 ',6 - and 3 ',4,6 -triacetates were 
present together with a mixture of several m inor products. At 
this point the triacetate class accounted for 15% of the mixture 
(Fig. 2.35).
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Triacetate c la s s  
2,3,3'-triacetate 
2,3',6-triacetate
Fig. 2.35: The composition of the triacetate class.
The diacetate class consisted mainly o f the 2,3 '-diacetate after 
18 hours with the 3,3'-diacetate also present. A fter 48 hours 
only the 3 ',6-diacetate was observed (Fig. 2.36). No monoacetate 
fractions were successfully separated from the mixture.
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-a—  D iaceta te
-•—  M o n o a ce ta te
-a—  S u c ro s e
Fig. 2.36: The relative amounts of the diacetate class, 
monoacetate class and sucrose in the reaction mixture.
2.8.6: Discussion.
The overall reaction profile for the reaction shows the 
expected results. The sucrose octaacetate decreases in 
concentration as it is hydrolysed to form heptaacetates. These 
appear in the first sample taken after the beginning of the 
reaction and are then further hydrolysed to form hexaacetates. 
There is no significant accumulation o f any of the heptaacetates 
with none of the individual species accounting for more than 
10% of the products.
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O A c
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Fig. 2.37: The m ajo r heptaacetate: r,2 ,3 ,3 \4 ,4 ',6-hepta-<9-acety l 
sucrose.
This is to be expected as there are three heptaacetates 
observed, the r ,2 ,3 ,3 ',4 ,4 \6 -  (Fig. 2 .37), r ,2 ,3 ,3 ’,4,6,6 - and 
2,3,3 ',4,4 ',6,6 '-heptaacetates, all of which are present in fairly  
similar amounts. This suggests that the C - l \  C-4' and C-6 ‘ 
positions all have similar reactivities towards hydrolysis by this 
enzyme. This m eans that further hydrolysis to hexaacetates is 
likely to be favourable thereby preventing any build up o f this 
class.
Only one m ajor hexaacetate is observed throughout the 
reaction which is  r,2 ,3 ,3 ',4 ,6-hexa-(?-acetyl sucrose (Fig. 2.38) 
This species will be formed by deacetylation of both the 
1 ',2,3,3 ',4,4 ',6 - and  r,2 ,3 ,3 ',4 ,6 ,6 '-heptaacetates. This 
hexaacetate accum ulates to form about 10% of the total m ixture. 
There is no other hexaacetate apparent in any quantity, with 
small amounts o f  the 2,3,3’,4,4 ',6 - and 2,3,3 ',4,6,6 '-hexaacetates 
being observed. T hese are presum ably formed by further 
deacetylation of the  other heptaacetate observed.
OAc
O H
O A c
Fig. 2.38: The major hexaacetate: r,2 ,3 ,3 ',4 ,6-hexa-<?-acetyl 
sucrose.
In the pentaacetate class there is  again one m ajor species, 
2 ,3 ,3 ',4 ,6-penta-O -acetyl sucrose (Fig. 2.39) which is the first 
product to be observed in a significant amount. A fter 48 hours 
this product is present as 34% of the total mixture. This product 
will be formed by deacetylation of bo th  the major hexaacetate 
and the two minor ones. It is by far the most prominent species 
suggesting again that the C - l \  C-4' and  C-6 ' acetates are the 
most easily hydrolysed groups.
Fig. 2.39: The major pentaacetate: 2 ,3 ,3 ',4 ,6 -penta-O -acetyl 
sucrose.
O A c
O A c
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The two minor pentaacetates observed throughout the 
reaction are 1 ',3.3 ',4,6 - and 1',2,3,3 ',6-penta-O  -acetyl sucrose. In 
both of these products one of the acetate groups in the pyranose 
ring has been hydrolysed, together with the groups at C -4‘ and 
C-6 ' in the furanose ring. The two groups that are deacetylated 
in the pyranose ring, those at C-2 and C-4, are both at 
secondary positions. The primary C -6 acetate group is not 
hydrolysed in any of the pentaacetate species, indicating a 
surprising lack of reactivity. In the last fraction analysed, two 
other pentaacetate species are observed. They are both minor 
products and may be slowly accumulating throughout the 
reaction, possibly because they are relatively stable to  further 
hyd ro ly sis .
Fig. 2.40: The two major tetraacetates: (a) 3,3',4,6- and (b) 
2 ,3 ,3 ',6 -te tra -O -ace ty l sucrose.
The tetraacetate fraction is a considerably more mixed 
class. Three tetraacetates, 2,3,3',6-, 3,3’,4,6 - and 2 ,3 ',4 ,6-tetra- 
O  -acetyl sucrose, are observed throughout the reaction with the 
first two of these accumulating to 6.3% and 7.2%, respectively, 
after 18 hours (Fig. 2.40). AH three are formed by deacetylation
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o f one of the pyranose ring positions in the major pentaacetate. 
A gain  it is the secondary positions that are hydrolysed in the 
presence of a primary acetate group. As observed in the 
pentaacetate class the C-2 and C-4 positions are more readily 
hydrolysed than the C-3 position. Several other minor 
te traaceta te  species are observed in the later samples. The most 
predom inant o f these is the te traacetate with all the furanose 
rin g  acetates hydrolysed.
The fact that this class is m ore mixed shows that the C-T, 
C -4 ' and C-6 ' positions are far m ore reactive than the other 
positions towards hydrolysis with this enzyme. Once these 
groups have been hydrolysed there is a loss of selectivity due to 
the com parable reactivities of, in particular, three of the 
rem aining  groups, C-2, C-3 and C-4. Their similar reactivities 
cause  a mixture o f products to be formed with none 
p re d o m in a tin g .
The triacetate class is again a mixed class. Four species in 
all are  observed, all but one o f them still possessing an acetate 
group at both C-6  and C-3'. This would appear to confirm the 
com parable reactivities o f the C-2, C-3 and C-4 positions.
The chromatography of the diacetate classes was not 
successfu l with mixtures of d iacetates and monoacetates being 
co llected  together with poor separation. This made it impossible 
to calculate the class compositions. Those species which were 
identified  all possessed the C-3’ acetate group, although, in 
o ther mixtures there had been some hydrolysis of this position. 
This was identified by comparison with the sugar ring proton 
in teg rals. The major monoacetate would, however, be expected
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to be the 3 '-m onoacetate. Total hydrolysis to give sucrose is 
observed so there is no totally unreactive position.
The overall analysis of the reaction suggests the presence 
o f three particularly reactive acetyl groups, C - l \  C-4' and C-6 ', 
three positions which are fairly easily hydrolysed, C-2, C-3 and 
C-4 and two groups which are fairly unreactive, C -6  and in 
particular C-3'. The apparent order o f reactivity is:
C-6' > C-4’ > C - r  »  C-4 > C-2 > C-3 »  C -6 > C-3*
This is another example of the C-4' position showing 
comparable reactivity to the primary C - l ' and C-6 ' positions. 
The C-6 primary position  is seen to be remarkably unreactive, 
with all but one o f the secondary positions being preferentially 
hydrolysed. This is very  different from the observed chemical 
reactivity of the sugar and shows the potential that 
biotransform ations have for producing partially protected 
sugars which cannot easily be made by chemical methods.
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C h a p te r  T h re e : T he S yn thesis  o f  N -Acetyl-D- 
g a l a c to s a m in e .
3,1; Introduction,
N-Acetyl-D-galactosamine has an im portant role as a 
constituent of many N -glycoproteins and oligosaccharides. The 
N -glycoproteins are involved in many biological recognition 
processes including the control of blood group type, cell growth 
and differentiation, bacterial and viral infection and the uptake 
of macromolecular substances . 1 ° 5-106 The sugar itself, also 
possesses interesting properties such as anti-tum our activity . 107
Fig. 3.1: The structure o f the blood group antigen.
N -acetyl-D-galactosamine is very expensive to purchase, 
making its synthesis o f interest. N-Acetyl glucosamine is by 
contrast much cheaper (by a factor of over 100) and N-acetyl- 
D-glucosamine is, therefore, a potential starting material for the
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synthesis of N -acetyl-D-galactosamine. The major source of N- 
acetyl-D -glucosam ine is its extraction from chitin, a polym eric 
form o f the sugar. The two structures are identical apart from 
the configuration o f the groups attached to carbon atom C-4 in 
the sugar ring. To convert N-acetyl-D-glucosamine into N- 
acetyl-D -galactosam ine requires that the configuration at the C- 
4 position be inverted without any of the other positions being 
a ffec ted .
The best way of achieving this is by specifically protecting 
all the other hydroxyl groups, or alternatively, deprotecting ju s t 
the C-4 position. This allows reactions to be carried out only at 
the required centre. A particularly suitable means of achieving 
this protection is to utilise the ability of enzymes to deacetylate 
selectively certain positions in a peracetylated sugar. This 
technique provides a means of synthesing the required 
interm ediate with the use of fairly mild reaction conditions.
It has already been noted in Chapter One that the 
selective deacetylation of monosaccharides can been carried out. 
This technique combined with an acyl group migration would 
provide a synthetic route to the required sugar specifically
O H H O O H
H C
HO -
N H A c  I N H A c  1
O H
Fig. 3.2: N-Acetyl glucosamine
2-acetamido-2-deoxy-glucopyranose
N-Acetyl galactosamine 
2 -a c e t a m i d o - 2 - d e o x y -  
g a l a c t o p y r a n o s e
O H
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deprotected at the C-4 position. The migration required is that 
from C-4 to C-6 , which, as mentioned earlier is particularly 
favourable and can be achieved with a high conversion under 
the right conditions. This particular migration process is also 
utilised in one of the synthetic routes to sucralose, in this case 
the migration is from C-4 to C -6 in the pyranose ring o f a 
sucrose derivative (2,3,3 ',4 ,4 '-penta-(9-acetyl sucrose converted 
to 2 ,3 ,3 ',4 ',6 -pen ta-0 -acety l sucrose). This is a particularly 
interesting technique, as acyl migrations are usually a nuisance 
for the synthetic chem ist, com plicating reactions by forming 
unw anted products.
Scheme 3.1: An inversion of configuration by the 
displacem ent of a trifluorom ethanesulphonyl (trifla te) group.
A similar reaction to give inversion of configuration at the 
C-4 position of a glucosamine derivative by displacem ent of a 
triflate has recently been reported108 (Scheme 3.1). The starting
material was how ever not so readily available requiring 
different protection o f the C -l position and the amine to achieve 
a good yield. The inversion of configuration has also been 
achieved using U D P-galactose-4-epim erase to generate uridine- 
5' diphosphate galactose from the glucose derivative in yields 
of approximately 30% .105
3,2; The synthesis o f the protected intermediate.
The starting m aterial for the synthesis was N-acetyl 
glucosam ine (2-acetam ido-2-deoxy-a-D -g lucopyranose) which 
is commercially available at low cost. The first step in the 
synthesis was the peracetylation of the starting m aterial. This 
was achieved by the standard method o f treatment with an 
excess of acetic anhydride in pyridine, producing 2 -acetamido- 
2 -d eo x y -l,3 ,4 ,6 -te tra -0 -ace ty l glucosamine in 94% 
yield.>09(Scheme 3.2)
The selective deprotection of the primary position was the 
next step. Deacetylation o f the C-6 acetyl group was achieved 
using an enzyme catalysed reaction. The reaction was catalysed 
by yeast esterase (G laxo), a fairly crude enzyme preparation, in 
a phosphate/citrate buffer (pH 5.0) at 30°C. After six hours, t.l.c. 
indicated the com plete hydrolysis of the peracetylated sugar.
Two new products were indicated with one of these being very 
minor (Scheme 3.2).
After extraction, the products were purified by 
recrystallisation and then by flash chromatography o f the 
residue. The products were then identified by 220MHz *H n.m.r. 
spectroscopy. The identification is readily made by comparison
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with the fully acetylated derivative due to  the effect of 
removing an acetate group.HO The signal due to the proton 
attached to the position of deacylation moves upfield by up to 
1.5 ppm due to  the loss of the deshielding effect of the acetate 
group. The o ther proton signals remain in  approximately the 
same position. As all the protons can be readily identified due 
to their different coupling constants and m ultiplicities the 
position o f deacetylation may be deduced. The major product 
was the required  partially protected sugar, 2 -acetam ido-2 - 
d e o x y - l^ ^ - tr i -O -a c e ty l-a -D -g lu c o p y ra n o s e .111- ^  The m inor 
product was identified as 2 -acetam ido-2 -d eo x y -l,3 -di-0 - 
acety l-a -D -g lucopyranose which was obviously produced by a 
deacetylation o f the major product. It w ould have been possible 
to  stop the deacetylation reaction earlier and obtain less o f this 
product but there would have been some starting material 
present. For reasons to be discussed later it was preferable to 
stop the hydrolysis after all the peracetate derivative had been 
d ea ce ty la te d .
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Scheme 3.2: T he synthesis o f the intermediate deprotected 
at the C-4 position.
An acyl m igration was then utilised to produce the 
derivative with the required level and position of protection. As 
stated previously, the C-4 to C-6 m igration is particularly facile. 
There is, however, an equilibrium due to  the reversibility o f the 
migration process in aqueous solution. This can be affected by 
changing the solvent to  give a very good yield of the migration 
p ro d u c t .39
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The 2 -ace tam id o -2 -d eo x y -l,3 ,4 -tr i-0 -ac e ty l 
glucopyranose was added to toluene in which it dissolved on 
heating to 80°C. Glacial acetic acid (1%  v/v) was then added to 
the stirred solution. A fter 24 hours the presence o f the required 
product was identified by 220MHz n.m .r. spectroscopy of the 
crude m ixture. 2 -A cetam ido -2 -deoxy -l,3 ,6 -tri-£? -acety l-a-D - 
glucopyranose was recovered after purification in a yield of 
80%. Identification by ] H n.m.r. spectroscopy was again easy 
owing to the upfield shift of the H-4 signal and the downfield 
shift of the H -6 signal due to the effect of the acetyl group.
3.3; Inversion of configuration at C-4
Having synthesised the glucosam ine derivative with the 
required protection, the next step in the synthesis was to invert 
the configuration at the C-4 centre. The initial choice for this 
reaction was to use the Mitsonobu reaction .113 This would 
involve displacem ent o f a phosphonium intermediate by a 
nucleophile such as the benzoate ion . 114 This displacem ent 
would proceed with the required inversion of configuration at 
C-4. Deprotection of the sugar would then yield the required 
product. U nfortunately when this displacem ent was attem pted 
there was no reaction (Scheme 3.3).
122
Rap = o
Scheme 3.3: The Mitsonobu inversion reaction.
This, apparently, is due to the steric hindrance o f the 
acetate groups around the molecule preventing the nucleophile 
from causing displacement of the leaving group as has been 
previously observed in a sim ilar compound . 115
Another possibility for the inversion of the C-4 position 
was to use a two-step process o f an oxidation step followed by a 
reduction step. The deprotected C-4 hydroxyl group would be 
oxidised to  give the keto-derivative. Reduction of this with a 
suitable reducing agent should produce the required galacto- 
product. A series of reducing agents are available so the 
formation o f the required configuration should be possible if it
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was not formed by straightforw ard reduction with sodium 
b o ro h y d rid e .
There are several reported m ethods for the oxidation of 
sugar hydroxyl groups. These inc lude  using ruthenium 
tetraoxide, Swern oxidations, pyrid in ium  chlorochrom ate and 
pyridinium  dichrom ate.1 ,6 .* 17 T hese are all relatively mild 
methods for oxidation.
It was decided to use pyrid in ium  dichromate to  oxidise 
the glucosamine derivative. It has been reported that this 
reaction is greatly improved by the  addition of powdered 
m olecular sieves118(Schem e 3.4). T hese  were therefore used.
After 24 hours, t.l.c. on alum ina showed the presence of 
one major product. After a purification step the !H n.m.r. 
spectrum identified the product as the  required keto sugar. This 
identification was made due to the signal corresponding to H-3 
collapsing from a triplet to a doublet, indicating that one of the 
couplings has disappeared. The signal due to H-4 was no longer 
present in the spectrum as would be expected for the keto- 
sugar. The signal due to H-2 had n o t noticeably changed in 
m ultiplicity and that due to H-5 w as partially overlapping. The 
reaction was not completely clean so  attem pts were made to 
purify the keto-sugar by chrom atography. The product, 
however, decomposed rapidly to g ive  several products. This 
decomposition appeared to occur particu larly  during 
purification by chromatography on s ilica  gel. However, 
decomposition also occurred during o ther means of purification.
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Schem e 3.4: The oxidation of 2-acetam ido-2-deoxy-l,3 ,6 -tri-0 - 
ac e ty l-a -D -g lu co p y ran o se .
A reduction reaction was attempted on a crude sam ple of 
the keto derivative using sodium borohydride. This led to  a 
m ixture of products with no one compound appearing to  be 
prevalent. This again may be due to the instability of the  sugar. 
The instability  of the keto-sugar suggested that an alternative 
method would be preferable.
An alternative method is to convert the unprotected 
hydroxyl group to a more reactive leaving group. The 2- 
a c e ta m id o -2 -d eo x y -l,3 ,6 -tr i-0 -ac e ty l-a -D -g lu co p y ran o se  was 
converted to the 4 - 0 -mesyl derivative. This was achieved by 
the addition o f a slight excess of mesyl chloride to a stirred 
solution of the 4-OH derivative in pyridine at 0°C (Schem e 3.5). 
The mesyl derivative was produced in good yield. D isplacem ent 
of this group was not, however, found to be possible. T his was a 
little surprising as similar displacements have been successful 
on sugar derivatives . 119' 120 The attempted displacem ent by 
acetate or benzoate ions from the sodium salts in 
dim ethylform am ide or acetonitrile did not produce any reaction 
at room temperature or on gentle heating (Scheme 3.5). 
Refluxing the m ixture just caused the decomposition o f the
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glucosamine derivative. The same was also found to be true 
when the tosylate derivative, synthesised by the treatm ent of 
the protected sugar with tosyl chloride, was used instead. A 
milder approach to this displacem ent was to use a phase 
transfer catalyst for the reaction. There have been many 
reports of this type of catalysis being successfully employed in 
nucleophilic displacem ent reactions . ! 18
O A c
Scheme 3.5: The synthesis and displacement of a 
m ethanesulphonyl group.
A phase transfer catalysis reaction was attempted using 
benzyl-tri-n-butyl am monium brom ide as the transfer catalyst. 
The 2 -acetam ido-2-deoxy-l ,3 ,6 -tri-0 -ace ty l-4 -C ?-m esy l-a -D -
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glucopyranose was dissolved in dichlorom ethane. To this, was 
added, a solution of potassium acetate in w ater and a small 
quantity of the catalyst (Schem e 3.5). T .l.c. indicated the 
presence of a small amount of a compound w ith a higher Rf 
value than the mesylate. A fter separation and purification of 
this compound analysis by 'H  n.m.r. spectroscopy showed that 
there had been an inversion of the configuration at C-4 to give 
the galacto- derivative. The *H n.m.r. spectrum  of the product 
showed substantial changes to the signals of H-3, H-4 and H-5. 
Compared to the peracetylated g /w co-derivative the signals 
appeared at sim ilar chemical shifts. There were, however, 
substantial changes in the coupling constants and in the 
splitting patterns of each o f the signals. This allowed the sugar 
to  be identified as the g a la c to -d e riv a tiv e .
The yield for this inversion step was, however, very poor. 
Despite the presence of the mesyl leaving group, very little 
displacem ent was actually occurring. M esylate and tosylate are 
very good leaving groups compared to carboxylic esters. The 
triflate group is however approximately 40000 times more 
reactive tow ards displacem ent. 121 Triflates have previously 
been used as effective leaving groups in sugars . 122»123
The triflate of N -a c e ty l-l,3 ,6 -tr i-0 -ace ty l-a -D - 
glucopyranose was synthesised by treatm ent o f the sugar with 
triflic anhydride in pyridine/dichlorom ethane at -40°C (Schem e 
3.6). The reaction was followed by t.l.c. and gave one product. 
The derivative was found to be relatively stable despite the 
reactivity of the triflate and could be purified to some degree.
In general as little as possible was done with the derivative 
before further reaction so as to avoid any decomposition. The
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m ost convenient displacement was by an acetate ion forming 
the peracetylated D-galactosamine with all the hydroxyl groups 
protected with the same group. To achieve the required 
displacem ent the nucleophilic acetate ions need to be in the 
form of a loose ion pair. This requires as large a cation as 
possible for the acetate salt. Caesium acetate is the best 
available salt for this displacement and was formed by the 
treatm ent o f caesium carbonate with acetic acid followed by 
evaporation o f the solvents under reduced pressure.
The reaction is likely to be very solvent dependent due to 
the need to  solvate the nucleophilic acetate ions. An aprotic 
solvent such as acetonitrile, dim ethylform am ide or dim ethyl 
sulphoxide is necessary for this displacem ent reaction. Using 
acetonitrile as the solvent for the reaction successfully produced 
the required galactosam ine derivative. The yield was again 
unsatisfactorily low possibly due to the solubility of the caesium 
acetate not being high enough.
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(CF3S 0 2 )2 0  c f ,s o 2o -
pyridine, C H 2CI2, -40°C
CsOAc,
D M SO
Scheme 3.6: The inversion o f configuration by displacement of a 
triflate group by an acetate group.
Changing the solvent to  dimethyl sulphoxide increased the 
solubility of the salt so that the required amount of salt was all 
in solution. W hen a solution o f  2-acetam ido-2-deoxy-l,3,6-tri- 
0 -acety l-4 -< 9 -trifluo rom ethanesu lfony l-a-D -g lucosam ine in 
dimethyl sulphoxide was stirred with caesium acetate for 12 
hours, t.l.c. showed one major product of high Rf and two minor 
products with low er Rf. The solvent was evaporated under 
reduced pressure and the residue peracetylated using acetic 
anhydride in pyridine. T.l.c. now showed the presence of only 
one compound, corresponding to  the compound of high Rf. 
Analysis by 220M Hz n.m.r. identified this product as 2- 
a c e ta m id o -2 -d e o x y -l,3 ,4 ,6 - te tra -0 -a c e ty l-a -D -g a la c to p y ra n o se . 
Recrystallisation gave the product in 81% yield, based on the
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derivative deprotected at C-4. This yield was a considerable 
improvement on any o f the other methods o f inversion. 
Deacetylation of the fully acetylated sugar was achieved using 
potassium carbonate in methanol at -10°C for 1 hour to yield 2- 
acetam ido-2-deoxygalactopyranose in 93% yield (Scheme 3.6).
The minor product from  the enzym atic step was identified 
as 2 -acetam ido-2 -deoxy-l ,3 -d i-O -ace ty l-oc-D -g lucopyranose .
The production of a small quantity of a diacetate is to be 
expected due to further deacylation o f the first product. This is 
not a major inconvenience due to the reactions used thereafter. 
The required migration step o f the reaction will obviously not 
occur and it is unlikely that any of the much less favoured 
migrations will. The addition o f triflic anhydride will form the 
required C-4 triflate together with the one at C-6 . Displacement 
with caesium acetate in dim ethylsulphoxide will simply displace 
the triflate at C-6 . The displacement by acetate at C-4 will give 
the required inversion of configuration as seen for the mono- 
deprotected derivative. The product of this displacem ent is the 
same as before and deprotection will give 2 -acetamido-2 - 
deoxy-D-galactopyranose (Schem e 3.7). This means that 
purification of the reaction m ixture to rem ove the only 
byproduct formed in any quantity  is not necessary.
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Scheme 3.7: The reaction of the minor product, 2- 
ace tam id o -2 -d eo x y -l ,3 -d i-0 -a c e ty l-a -D -g lu c o p y ra n o se , 
following the same synthetic pathway.
All of the above reactions are performed on a multi-gram 
scale with high yields. The overall yield for the synthesis is 
calculated to be 51% based on the yields for each step. This 
figure would have been slightly higher if the m inor product 
described above had not been removed. This com pares
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favourably with previous methods for the inversion of 
configuration at the C-4 position. The recent publication by El 
S o k k ary  et al achieved a 63% yield for the inversion beginning 
with and finishing with a protected derivative rather than 
starting with a readily available sugar and other methods have 
only achieved poor yields for the inversion step . 108-120
This synthetic route is interesting in that it contains a 
selective enzymatic deacetylation, the use o f an acyl migration 
as a synthetic step and the displacement of a triflate group by 
an acetate group with the inversion of configuration at a sugar 
ring carbon centre. The use of partially protected sugars 
produced by enzym atic deacetylation as synthetic interm ediates 
for further reaction is demonstrated in this conversion.
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C h a p te r  F o u r: E x p e rim e n ta l D eta ils .
4.1: General.
Chem icals were either purified using literature methods 
or purchased as the highest available grade . 124 The w heat germ 
lipase was obtained from the Sigma Chem ical Company Ltd. The 
yeast esterase was supplied in small quantity by Tate and Lyle 
who received it from Glaxo Pharmaceutical Company. The lipase 
from Aspergillus niger was obtained from the Amano 
Pharm aceutical Com pany.
The n.m.r. spectra o f the crude products were obtained 
using a Perkin Elmer R34 spectrometer operating at 220 MHz. 
Chemical shifts are reported in ppm relative to 
tetram ethylsilane (0.00 ppm ). N.m.r spectra of pure products 
were obtained using a Bruker WH 400 spectrometer. Long range 
13C-*H  shift correlation was carried out by a heteronuclear 
COSY-type experiment, with the use of a composite 180° carbon 
pulse, and refocussing delays of 3.7 and 1.85 ms.
The multiplicities of the *H n.m.r. signals, where 
applicable, are abbreviated as follows: s, singlet; d, doublet; t, 
triplet; q, quartet; dd, doublet of doublets; dt, doublet o f  triplets; 
m, m ultiples
M ass spectra were obtained using a Kratos MS-80 
spectrometer. In general spectra were recorded using C l with 
ammonia as the carrier gas. The FAB spectra were recorded 
using diethanolam ine and p-nitrobenzyl alcohol as m atrices.
M icroanalyses were carried out by Medac Ltd. Melting 
points are uncorrected.
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U nless otherwise stated t.l.c. analyses w ere run on glass 
plates coated with silica gel (M erck 60f 254, 0.25mm). The 
g lucose pentaacetate deacetylation products were eluted with 
petroleum  ether (b.p. 40-60°C): ethyl acetate (1:9) and the 
sucrose octaacetate deacetylation products w ith both petroleum 
ether (b .p . 40-60°C): ethyl acetate (1:9) and ethyl acetate: 
ethanol: water (45:5:1) for the lower acetate classes. The 
com pounds in the synthesis o f N -acetyl galactosam ine were 
elu ted  using ethyl acetate: ethanol: w ater (45:5:1) unless 
o therw ise stated. V isualisation was achieved where possible by 
U.V. fluoresence quenching. For m ost o f the analyses it was 
necessary to spray the plates with 10% H2 S O 4 in ethanol 
follow ed by heating to observe the sugars.
Preparative t.l.c. purifications were run on glass backed 
plates coated with silica gel (M erck 60f 254, 1.0 mm, 
2 0 c m x 2 0 cm ).
4.2: T he hydrolysis, o f sucrose octaacetate catalysed bv veast 
e s te ra se .
4x2.1: The hydrolysis of a suspension of sucrose octaacetate
catalysed -by yeast esterase.
A suspension of sucrose octaacetate (lOOmg, 0.14mmol) in 
acetate buffer (0.2M, pH 4.8, 10.0ml) was stirred at room 
tem perature with yeast esterase (50mg). The reaction was 
stopped after intervals o f 6 h, 18 h and 30 h by freezing. After 
drying the m ixture by lyophilisation, the m ixture of products 
was perdeuterioacetylated by treatm ent with d6 -ace tic
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anhydride (0.4ml, 4.9m m ol) in pyridine (0.4ml) at 50°C for 4h. 
The solvents were rem oved under reduced pressure. The 
products were then analysed by mass spectroscopy. A ll samples 
were analysed in duplicate to ensure the validity of the data.
The method for the assignment of the acetyl signals was 
provided initially by Tate and Lyle from the studies published 
by Rathbone.83 W e have since confirmed these by a 2-D n.m.r. 
experiment as described below.
4,2.2; The hydrolysis of a solution of sucrose octaacetate using 
veast esterase.
Sucrose octaacetate (lOOmg) was stirred in acetate buffer 
(0.2M, pH 4.8, 120ml) at room temperature. After a period of 30 
minutes the solution was filtered to remove the excess sucrose 
octaacetate. Yeast esterase (50mg) was added to the solution 
and aliquots were rem oved at various time intervals. The 
treatment of the aliquots was as described above.
4,3; The Deacetvlation of Glucose Derivatives.
4.3.1; tt- and a -m ethv l-D -g lucopvranoside  te traaceta tes.
To a solution o f m ethyl-a-D -glucopyranoside (5.0g,
0.026M ) in pyridine (10m l) was added acetic anhydride (20ml, 
0.21 mol). The reaction m ixture was stirred overnight at room 
temperature. On com pletion o f the reaction dilute HC1 (50ml) 
was added and the solution was extracted using diethyl ether (3 
x 50ml). The com bined ethereal extracts were dried over
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anhydrous magnesium sulphate and evapora ted  to dryness 
under reduced pressure to give a syrup. This was crystallised 
from ethanol to yield large colourless crysta ls  of the 
tetraacetate (6.02g, 64%) m.p. 104°C, 8 h  (220M H z; ds-pyrid ine) 
5.95 (1H, t, J 9.8Hz, 3-H), 5.47 (1H, t, J 9.8H z, 4-H), 5.30 (1H, dd, 
J 10.3, 3.7, 2-H), 5.20 (1H, d, J 3.7Hz, 1-H), 4.48 (1H, dd, J 4.9, 
12.3Hz, 6a-H), 4.35 (1H, dd, J 1.9, 12.3Hz 6 b-H), 4.13 (1H, 
ddd(m), 5-H), 3.45 (3H, s, O-Me), 2.02 (9H , s), 1.95 (3H, s). Lit.
m.p. 105°C.125
The methyl-P-D -glucopyranoside (5 .00g, 0.026m ol) was 
peracetylated in identical fashion to y ie ld  white crystals. (9.16g, 
96% yield) m.p. 105°C, 5H (220MHz; CDCI3) 5.24 (1H, t, J 9.8Hz, 3- 
H), 5.14 (1H, t, J 9.8Hz, 4-H), 5.02 (1H, broad t, J 9.5Hz, 2-H),
4.47 (1H, d, J 8.3Hz, 1-H), 4.32 (1H, dd, J  4 .9 , 12.5Hz, 6 a-H), 4.18 
(1H, dd, J 12.5, 12.5, 6b-H), 3.78 (1H, ddd(m ), 5-H), 3.55 (3H, s, 
O-Me), 2.12 (3H, s), 2.08 (3H, s), 2.05 (3H , s), 2.02 (3H, s). Lit. 
m.p. 104-105°C.125
4,3.2; The enzymatic hydrolysis of m e thv l-a -D -g lucopv ranoside  
tetraacetate catalysed bv A. n izer  lipase.
A suspension of m ethy l-a-D -g lucopyranoside te traacetate 
(50mg, 0.14mmol) in phosphate buffer (N a2 H P0 4 /K H 2P 0 4 , pH 
7.9, 1.28ml, 0.5M) was stirred at 30°C w ith Lipase A from A. 
n ig er  (64mg). The reaction was stopped a t intervals of up to 
30h. The reactions were immediately frozen  and lyophilised.
The residue was then treated with d6 -acetic  anhydride (200pl,
2.1 mmol) in pyridine (1.5ml) and left for 12h. Analysis of the
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product was carried out by *H n.m.r. and mass spectroscopy.
The *H n.m.r. spectrum showed that three products, a -  and p-D - 
glucose pentaacetate and the starting material, m e th y l-a -D - 
glucopyranoside tetraacetate w ere present in the 
perdeuterioacety lated  sample, indicating that deprotection  of 
the anomeric C -l position had occurred.
4,3,3; Control experiments carried out on the hydrolysis o f
methyl-P-glucppyraPQsidc.
4.3.3a; A study on the effect of the enzvme.
A suspension of m ethyl-a-D -glucopyranoside te traac e ta te  
(50mg, 0.14m m ol) in phosphate buffer (pH 7.9, 1.28ml, 0 .5M ) 
was stirred in the absence of enzyme at 30°C for 18h. The 
reaction was lyophilised and the residue treated with d 6 - a c e tic  
anhydride (0.5m l, 5.3mmol) in pyridine (1ml). The analysis was 
carried out as described above. The *H n.m.r. spectrum showed 
that the only product present was the starting material, 
indicating that no deprotection o f the C-l position had occurred.
4.3.3b; A study o f the effect of the enzvme on the free sugar.
A suspension of m ethyl-a-D -glucopyranoside (50m g, 
0.14m m ol) and A. niger lipase A (64mg) in phosphate buffer 
(pH 7.9, 1.28ml, 0.5M ) was stirred at 30°C for 18h. The reaction 
was lyophilised and the residue treated with acetic anhydride 
(0.5ml, 5.3mm ol) in pyridine (1ml). The analysis was carried 
out as described above. The *H n.m.r. spectrum showed that
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three products, the starting m aterial, m ethy l-a -D - 
glucopyranoside tetraacetate and small am ounts of a -  and p-D - 
glucose pentaacetate were p resent in the perdeuterioacetylated 
sample, indicating that deprotection o f the anomeric C -l 
position had again occurred.
4.3.3c; A study of the other anom er o f methvl-D-
glucQpyranosidg.
A suspension of m ethyl-p-D -glucopyranoside tetraacetate 
(50mg, 0.14mm ol) and A. niger lipase A (64mg) in phosphate 
buffer (pH 7.9, 1.28ml, 0.5M ) was stirred at 30°C for 18h. The 
reaction was lyophilised and the residue treated with d6 -ace tic  
anhydride (0.5ml, 5.3mmol) in pyridine (1ml). The analysis was 
carried out as described above. The *H n.m .r. spectrum showed 
that three products, a -  and P-D -glucose pentaacetate and the 
starting m aterial, m ethyl-P -D -glucopyranoside te traaceta te  
w ere present in the perdeuterioacetylated sample, indicating 
that deprotection of the anomeric C -l position had once more 
occurred .
4.3.4: The hydrolysis of B-D -elucose pentaacelale.
A suspension of P-D-glucose pentaacetate (250mg, 
0.64mmol) and lipase A from A. niger (320mg) in phosphate 
buffer (pH 7.9, 6.4ml, 0.5M) was stirred at 30°C. The reaction 
was stopped at intervals between 40 and 150 minutes. The
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solution was lyophilised and a small sample (lOmg) removed. 
The rem ainder w as treated as below.
4,3.4a; Separation o f partly acetvlated products.
A fter lyophilisation the residue was dissolved in ethyl 
acetaterethanol (1:1, 25ml). Silica ( lg ,  silica gel 60, particle size 
0.040-0.063m m ) was added. The solvent was evaporated under 
reduced pressure and the silica gel was packed on top of a 
column of silica gel 60, (25mm diam ., 60g). The column was 
eluted with the following solvents: petroleum (b.p. 40- 
60°C):ethyl acetate (1:1, 250ml; 4:6, 125ml; 3:7, 250ml; 2:8, 
125ml; 1:9 125 m l); ethyl acetate (250ml); ethyl acetate:ethanol 
(95:5, 125ml; 9:1,125m l; 8:2, 125 ml). Fractions (20ml) were 
collected and analysed by t.l.c., solvent system petroleum ether 
(b.p. 40-60°C):ethyl acetate (1:9). If  cross-contam ination by 
another class o f partial hydrolysis products was observed, the 
fraction was further separated by preparative t.l.c. The solvent 
was evaporated under reduced pressure and the residue was 
perdeuterioacety lated  using d^-acetic anhydride (0 .2 ml,
2.1 mmol) in pyridine (0.5ml) over 12h. The solution was 
evaporated under reduced pressure and the residue was 
examined by *H n.m.r. and mass spectroscopy. A sample of the 
total m ixture o f hydrolysis products removed prior to the 
separation, was also  perdeuterioacetylated and analysed in the 
same way.
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4,4; The dcacctvlation of sucrose octaacetatc catalysed bv wheat 
&srm lipase.
4,4.1; Small scale hydrolysis of sucrose octaacetate catalysed bv 
w heat eerm lipase.
A suspension of sucrose octaacetate (58mg, 0.09m m ol) in 
phosphate buffer (pH 7.0, 0.5M , 0 .8m l) with w heat germ  lipase 
(40mg) was stirred at 30°C. The reaction was stopped at various 
times from 2 to 102h.
The reaction m ixture was lyophilised and then 
perdeuterioacetylated using d 6 -acetic  anhydride (0 .2 ml,
2.1 mmol) in pyridine (1ml). The solvent was evaporated under 
reduced pressure and the residue analysed by JH n.m .r. and 
mass spectroscopy.
4.4.2; Large scale hydrolysis of sucrose octaacetate catalysed bv 
wheat Eerm lipase.
A suspension of sucrose octaacetate (700mg, 1.03mmol) in 
phosphate buffer (K H 2PO 4, Na2HPC>4 , 100ml, pH 7.0, 0.5M), was 
stirred at 30°C w ith wheat germ lipase (500mg). The reaction 
was stopped at various intervals from  12 to 48h by immediate 
freezing. After drying by lyophilisation a small sam ple was 
rem oved for determ ination of the com position of the mixture.
The products of the reaction w ere extracted using a 
combination of ethyl acetate, ethanol and water (45:5:1) and 
filtered to remove the insoluble enzym e. The rem ainder was 
adsorbed on to silica gel and then separated by column
4 0
chrom atography on silica gel (80g, 25mm diameter). The 
column was eluted with the following solvents: light petroleum 
(b.p. 40-60°C):ethyl acetate (1:4, 250ml; 1:7, 250ml; 1:19, 
250ml); e thyl acetate (250ml); ethyl acetate:ethanol (99:1, 
250ml; 95:5, 250ml; 9:1, 500ml). This is the general procedure, 
minor variations were made according to  the content of the 
m ix tu re .
Fractions (20ml) were collected, analysed by t.l.c. and 
collected into classes. If contamination of a class was observed 
the fraction was further separated by preparative t.l.c. The 
solvent was evaporated under reduced pressure and the 
residue w as perdeuterioacetylated using d6 -acetic anhydride 
(0.2ml, 2.1 mmol) in pyridine (0.5ml) over 12h. The solution was 
evaporated under reduced pressure and the residue examined 
by * H n.m.r. and mass spectroscopy. A small sample o f the 
crude m ixture was also perdeuterioacetylated and analysed by 
the same method.
4 J ;  The Synthesis of 2-A cetam ido-2-deoxv-a-D -
g a la m p y ra n p s E ,
2_-Acetamido-2-deoxv-l,3.4.6-tetra-C>-acetvl-a-D-
gluçppyranpsg.
2-A cetam ido -2 -deoxy -a-D -g lucopy ranose  ( l l g ,  50mm ol) 
was treated with acetic anhydride (47m l, 0.50mol) in pyridine 
(50ml) at room temperature. After 12h, t.l.c. analysis showed 
the formation o f one product (Rf=0.8, ethyl
acetate:ethanol:w ater 45:5:1). The mixture was evaporated 
under reduced pressure to give a syrup which was crystallised 
from ethanol to give 2-acetam ido-2-deoxy-l ,3 ,4 ,6-tetra-O  - 
acetyl-a-D-glucopyranose (17.73g, 92%) m.p. 136-137°C; [a ]o  
+91° (c 0.6, MeOH); 5H (400MHz; CDCI3) 6.13 (1H, d, J 3.6Hz, 1-H), 
5.63 (1H, d, J 9.0Hz, N-H), 5.19 (2H, m, 3-H 4-H), 4.45 (lH .ddd, J 
3.6, 9.1, 10.5Hz, 2-H), 4.21 (1H, dd, J 4.0,12.5Hz, 6a-H), 4.03 (1H. 
dd, J 2.4,12.5Hz, 6b-H), 3.96 (1H, ddd, J2.4, 4.0. 9.7Hz, 5-H), 2.16 
(3H, s), 2.05 (3H, s), 2.02 (3H, s), 2.01 (3H, s), 1.90 (3H, s); >3C: 
171.5, 170.5, 169.7, 168.9, 168.4, 90.6, 70.6, 69.6, 67.5,61.4, 
51.0, 22.8, 20.7, 20.5, 20.4; m/z 390 (MH+), 330, 289, 270, 228, 
210, 168. Lit. m.p. 134-135°C >26, 137°C >27, 135-137°C >28, 
139.5-140.5°C >29, [a ]D +87.4° (c 1.03, CHCI3) >02, +9 2 ° (c 1.0, 
CHCI3) >27.109, +94o (C J O. CHCI3) >26.
2-A c< ?tam ido-2-deoxy-1 .3 .4-tri-0 -ace tv l-a -D -g lu co p v ran o sid e .
2 -A cetam ido-2 -deoxy-1 ,3 ,4 ,6 - te tra -O -ace ty l-a -D - 
glucopyranose (33.15g, 85mmol) was suspended in 
citrate/phosphate buffer (350ml, pH 5.0, 50m m ol/100m mol) at 
30°C. Yeast esterase (1.003g) was added and the m ixture stirred 
fo r 24h. The solution was evaporated under reduced pressure 
and the residue was extracted with ethyl acetate (2 x 100ml) and 
ethanol (2x100ml). The combined extracts were filtered and 
evaporated under reduced pressure to give a syrup, which was 
identified as 2 -acetam ido -2 -deoxy -l,3 ,4 -tri-0 -acety l-a -D - 
glucopyranose (Rf=0.56, ethyl acetate: ethanol:water 45:5:1). A 
m inor product (Rf=0.33) present was identified by >H n.m.r. as
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2 -a c e tam id o -2 -d eo x y -l ,3 -d i-O -ace ty l-a -D -g lu co p y ran o se . The 
m ixture was used without further purification (see chapter 3).
This reaction was repeated on a smaller scale using 2- 
ace tam id o -2 -d eo x y -1 ,3 ,4 ,6 - te tra -O -a c e ty l-a -D -g lu c o p y ia n o se  
(8.005g, 20mmol). On this scale the compound was selectively 
hydrolysed to give, after crystallisation from ethanol, 2 - 
a c e tam id o -2 -d eo x y -l ,3 ,4 - tr i-O -a c e ty l-a -D -g lu c o p y ra n o se  
(5.74g, 80%) m.p. 110°C (from ethanol); [o ]d +57° (c 1.0, CHCI3); 
(Found: C, 47.6; H, 6.2; N, 4.0. C 14H21N O 10 requires C, 48.4; H, 6.1; 
N, 4.0%); 5h (400M Hz; CDCI3) 6.15 (1H, d, J 3.6Hz, 1-H), 5.76 (1H, 
d, J 9.0Hz, N-H), 5.25 (1H. dd. J 9.6, 10.8Hz, 3-H), 5.14 (1H, dd, J 
9.7, 9.7Hz, 4-H), 4.43 (1H, ddd, J 3.6, 9.0, 10.9Hz, 2-H), 3.78 (1H, 
ddd, J 2.2, 4.3, 10.1, 5-H), 3.66 (1H, dd, J 2.2, 12.8Hz, 6 a-H), 3.55 
(1H, dd, J 4.4, 12.8, 6b-H), 2.16 (3H, s), 2.05 (3H, s), 2.04 (3H, s),
I . 91 (3H, s); 13C: 171.7, 170.0, 169.7, 168.7. 90.6. 72.0, 70.5,
67.8, 60.8, 51.1, 22.8, 20.7, 20.6, 20.4; m/z FAB -El (NBA), 453 
(M +N B A )+, 411, 348, 288.
2 ---A ce»am ido -2 -deoxv -l.3 -d i-0 -ace iv l-g -D -elucoD vranose
This is the m inor product from the previous reaction formed by 
the further deacetylation of the required product.
8 h  (400MHz; CDCI3) 6.11 (1H, d, J 3.6Hz, 1-H) 5.71 (1H, d, J 9.0Hz, 
N-H), 5.12 (1H, dd, J 9.2, 11.0Hz, 3-H), 4.3 (1H, ddd, J 3.7, 9.0,
I I .  1 Hz, 2-H), 3.90 (1H, dd, J 9.2, 9.8Hz, 4-H), 3.84(2H, d, J 3.5Hz, 
6 a-H & 6b-H), 3.7 (1H, dt, J 9.8, 3.5Hz, 5-H), 2.17 (3H, s), 2.13 
(3H, s), 1.93 (3H, s).
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2 -A ce ta ro id 0 -2 -d eQ x y -1 .3 .6 -tri-O -ace tv l-a -D -£ lu c o p v ra n o s id e .
2 -A c e ta m id o -2 -d e o x y - l,3 ,4 - tr i -0 -a c e ty l-a -D -  
glucopyranose (16 .046g, 46m m ol) was added to toluene 
(300ml) and heated to 80°C. G lacial acetic acid (3ml) was added 
to the solution w hich was heated at 80°C  for 24h. The solvent 
w as removed under reduced pressure to give a brown syrup 
which was identified as the required product by 1H n.m.r. 
spectroscopy. The syrup was d issolved in ethyl acetate and 
filtered through silica. The solvent was removed in vacuo and 
the residue crystallised from dichlorom ethane to  yield 2 - 
a c e ta m id o -2 -d eo x y -l ,3 ,6 - tr i -O -a c e ty l-a -D -g lu c o p y ra n o s e  
(14.104g, 87.9%), m.p. 160-161°C ; [a ]D +62° (c 1.0, CHCI3); 
(Found: C, 48.28; H, 6.12; N, 4.03. C 14H 21N O 10 requires C, 48.41; 
H, 6.09: N, 4.03%); 6H (400MHz; CDCI3 ) 6.12 (1H, d, J 3.7Hz, 1-H), 
5.92 (1H, d, J 8.9Hz, N-H), 5.08 (1H, dd, J 9.2., 11.0Hz, 3-H), 4.50 
(1H, dd, J 3.6, 12.4Hz, 6a-H), 4.31 (1H, ddd, J 3.6, 8.9, 11.0Hz, 2- 
H), 4.18 (1H, dd, J 2.2, 12.4Hz, 6 b-H), 3.82 (1H, ddd, J 9.5, 2.2, 
3.6H z, 5-H), 3.6 (1H, dd, J 9.2, 9.6Hz, 4-H), 2.15 (3H, s), 2.10 (3H, 
s), 2.09 (3H, s) 1.90 (3H, s); 13C: 172.0, 171.7, 170.3, 169.0, 90.8, 
72.6, 72.0, 67.8, 62.4, 51.1, 22.8 (2C), 20.8, 20.6; m/z 370 
(M H .N a)+, 348 (MH+), 329, 307, 288, 228, 186, 176, 168.
2-AcetamLdQ-2-deoxv-1.3.6-tri-<?-acetvl-4- 
Hifluoromethanesulfonvl elucopyranose.
2 -A ce tam id o -2 -d eo x y -l ,3 ,6 - tr i -0 - a c e ty l- a -D -  
glucopyranose (4.057g, 11.7mmol) was dissolved in 
dichlorom ethane (40m l) and pyrid ine (4m l) under an
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atm osphere o f nitrogen. The solution was cooled to -40°C using 
a dry ice/acetonitrile  bath. Triflic anhydride (2.5ml, 14.9mmol) 
was added slow ly to the solution with stirring.
The reaction was followed by t.l.c. (ethyl acetate 
/e thanol/w ater; 45:5:1). After 4h there was one product (Rf 
0.77) w hich was identified as the required product by n.m.r. 
spectroscopy. On completion of the reaction, dichloromethane 
(60ml) w as added together with w ater/ice (100ml). Sodium 
carbonate (0.2g) was added to the m ixture. The 
dichlorom ethane layer was rem oved and washed with dilute 
HC1 (1x100m l) and then saturated NaCl so lu tion(lx  100ml). The 
dichlorom ethane was removed under reduced pressure to yield 
2 -a c e ta m id o -2 -d e o x y - l ,3 ,6 -t r i - 0 - a c e t y l -4- 
trifluorom ethanesu lfony l glucopyranose as a syrup/glass 
(5.171g, 95% ) 8h (220MHz; CDC13) 6.68  (1H, d, J 9.8Hz, N-H), 6.21 
(1H, d, J  3.7Hz, 1-H), 5.51 (1H, t, J 9.8Hz, 3-H), 5.23 (1H, t. 9.8Hz, 
4-H), 4 .64 (1H, dt, J 3.7, 9.8Hz, 2-H), 4.37 (1H, dd. J 3.6. 12.4Hz, 
6 ,-H ). 4.25 (2H, m. 5-H 6b-H), 2.18 (3H, s), 2.16 (3H, s), 2.14 
(3H, s), 2 .00 (3H, s); m/z 467 (MH+), 449, 425, 407.
2 rA ce ta m id o -2 -d e o x v -1 .3 .4 .6 - te tra -0 -a c e tv l galactopvranose.
2 -A c e ta m id o -2 -d eoxy -1 ,3 ,6 -t r i -O -a c e ty l-4- 
trifluorom ethanesu lfony l glucopyranose (4.961g, 10.6mmol) 
was d issolved in DMSO (40ml) under an atmosphere of nitrogen. 
Caesium acetate (4.0g, 20.8mmol) was added and the mixture 
was stirred at room temperature for 14h. The DMSO was 
rem oved by distillation under reduced pressure. T .l.c. showed
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that one major product had been produced (R f 0.62) together 
with some minor products with lower Rf. The syrup was 
dissolved in pyridine (10ml), acetic anhydride (10ml, O .llm ol) 
was added and the solution was stirred at room temperature for 
6 h. T.l.c. showed only one product (R f 0.62).
Ice/water (50m l) and saturated sodium  chloride solution 
(50ml) were added, and the m ixture was extracted with 
dichloromethane (3x 100ml) and ethyl acetate (2x50ml). The 
organic fractions were com bined, washed with dilute HC1 (50ml) 
and evaporated to dryness under reduced pressure. The crude 
syrup was crystallised from ethanol (3 .68g, 89%); m.p. 169- 
171 °C; [a]D +97° (c 1.0, CHCI3); SH (400MHz; CDCI3) 6.15 (1H, d, J 
3.6Hz, 1-H ), 5.82 (1H, d, J 9.0Hz, N-H ), 5.36 (1H, dd, J 0.7, 3.1Hz, 
4-H ), 5.14 (1H, dd, J 3.2, 11.7Hz. 3-H ), 4.63 (1H, ddd, J 3.6, 9.0, 
11.6Hz, 2-H ), 4.20 (1H, ddd, J 0.9, 6 .6 , 6 .8 Hz, 5-H ), 4.04 (1H, dd, 
J 6 .8 , 11.2Hz, 6a-H ), 3.99 (1H, dd, J 6 .6 , 11.2Hz, 6b-H ), 2.10 (6 H, 
s), 1.97 (3H, s), 1.96 (3H, s), 1.88 (3H, s); >3C 170.75, 170.10, 
170.04, 169.95, 168.67, 91.06, 68.33, 67.57, 67.45, 66.54, 61.10, 
46.75, 22.77, 20.62, 20.43, 20.36; m/z 390 (MH+), 330, 289, 279, 
244, 226, 210. Lit. m.p. 178°C, [a ]D +102° (c 1.6, CHCI3) >30.
2 -A cetam ido-2-deoxv-D -galactopvranose_ .
2 -A ce ta m id o -2 -d e o x y -l ,3 ,4 ,6 - te tra -O -a c e ty l 
galactopyranose (1.17g, 3.0mmol) was dissolved in methanol 
(100ml) and cooled to -10°C. Anhydrous potassium carbonate 
(0.83g, 6.01 mmol) was added and the m ixture was stirred for 
75min. T.l.c. (ethyl acetate/ethanol/w ater 45:5:1) showed one 
product (Rf 0.03). The mixture was dried, applied to a silica gel 
column (lOg, 10mm diam.) and eluted with ethyl
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acetate/ethanol (4:1). The product was a syrup (0.617g, 93%). A 
small am ount was crystallised from
dichlorom ethane/diethylether; m.p. 156-158°C; [a ]o  +83° (c 0.2, 
H20 ); 6 h  (400MHz; CDC13) a-anomer 5.13 (1H , d, J 3.7Hz, 1-H), 
4.04 (1H, dd, J 3.7, 11.2Hz, 2-H), 4.01 (1H , t, J  6.2Hz, 5-H), 3.90 
(1H, d, J 3.2Hz, 4-H), 3.83 (1H, dd, 3.2, 11.1 Hz, 3-H), 3.65 (2H, d, 
J 6.2Hz, 6 -H), 1.96 (3H, s), p-anomer 4.55 (1H , d, J 8.4Hz, 1-H), 
3.84 (1H, d, J 3.2Hz, 4-H), 3.78 (1H, dd, J 8 .4 , 10.8Hz, 2-H), 3.67 
(3H, 3-H, 6 -H); a-anom er 175, 91, 71, 69, 67, 61, 51, 22.5, p- 
anomer 175, 96, 75, 71, 6 8 , 61, 54, 22.8. L it. m.p. 159-160°C, 
[o ]d  +8 6 ° (c 1.0, H20 )  *31. 1h  n.m.r. identical with a mixture of 
anom ers o f an authentic sample of the com pound.
2 -A ce ta m id o -2 -d e o x v -1 .3 .6 -tr i-(9 -ac e tv l-4 -k e to  glucopvranose.
2 -A ce ta m id o -2 -d e o x y -l,3 ,6 - tr i-(? -ace ty l glucopyranose 
(0.694g, 2mmol) was dissolved in dichlorom ethane (25ml). 
Pyridinium  dichromate (1.504g, 4mmol) w as added together 
with powdered molecular sieves (0.5g) and the reaction mixture 
was stirred for 24h. The reaction was follow ed by t.l.c. (alumina 
plates eluted three times with ethyl acetate).
The reaction mixture was filtered through celite and 
eluted with dichloromethane. The solvent was removed under 
reduced pressure and the residue was applied  to a silica gel 
column (35g) which was eluted with ethyl acetate (550ml).
The compound was found to partially decompose on the 
silica column. An n.m.r. spectrum of the com pound indicated 
that the major product was the 2 -acetam ido-2-deoxy-l,3 ,6 -tri- 
<9-acetyl-4-keto glucopyranose. 8 h  (220MHz ; CDCI3) 6.7 (1H, d, J
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7.2Hz, N-H), 6.45 (1H. d, J 8.9Hz, 1-H), 5.65 (1H, d, J 12.2Hz, 3- 
H), 4.9 (1H, ddd, J 3.6, 8.5, 12.2Hz, 2-H), 4.65 (1H, dd, J 0.9, 
4.9Hz, 5-H), 4.5 (1H, d, J 0.9, 12.3Hz, 6a-H), 4.4 (1H, dd, J 4 .9 , 
12.3Hz, 6 b-H), 2.25 (3H, s), 2.22 (3H, s), 2.1 (3H, s), 2.01 (3H , s).
M itsonobu inversion reaction.
A solu tion  of 2 -ace tam ido -2 -deoxy -l,3 ,6 -tri-0 -ace ty l-a -D - 
glucopyranose (50m g, 0 .14m m ol), triphenylphosphine (113m g, 
0 .42m m ol) and benzoic acid (52mg, 0.42mmol) in THF (0 .5m l) 
was stirred at room temperature. A solution of diethyl 
azodicarboxylate (70p l, 0.42mmol) in THF (0.15ml) was added 
to the solution over a period of five minutes. The reaction was 
followed by t.l.c. Analysis by 220MHz n.m.r. indicated that the 
in term ediate  had formed but that no displacem ent had 
o cc u rre d .
2 - A ce t am i d o -2 -deox v - 1.3 .6 - tr i -Q -a c e tv l-4 -m e th a n e su lp h o n v l
glucQ pyra n9&&J
A solu tion  of 2 -ace tam ido -2 -deoxy -l,3 ,6 -tri-0 -acety l-a -D - 
glucopyranose (50mg, O.Mmmol) was dissolved in pyridine 
(0.5m l) under an atm osphere of nitrogen. The solution was 
cooled to  0°C. M ethanesulphonyl chloride (lOOpl, 1.3mmol) was 
added slow ly to the solution with stirring. After purification by 
chrom atography on silica gel (5g), eluting with petroleum ether 
(40-60°C)/ethanol (1:9) the derivative was dissolved in DM F 
and heated first to 80°C and then to reflux with sodium 
benzoate (40mg, 0.28mm ol). At first, analysis of the reaction 
showed no displacem ent and after reflux, analysis indicated 
that the product had decomposed.
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A ppendix  1: T h e  s tu d y  of s u cro se  ac eta tes  by
n .m . r .  sp ec t r o sc o p y .
Sucrose octaacetate w as analysed by n.m.r. spectroscopy 
in both d6 -dim ethylsulphoxide and deuterium  oxide. A 
heptaacetate, 2 ,3 ,6 ,r ,3 ',4 \6 '-h e p ta -0 -a c e ty l sucrose and a 
pentaacetate, 2 ,3 ,6 ,3 ',4 '-pen ta-0 -acety l sucrose were also 
analysed using d^-dim ethylsulphoxide as solvent.
The sugar ring proton coupling constants were found to 
have extremely little variation in size. The only changes of any 
size observed were in the coupling constants between protons 
H -3\ H-4’ and H-5'. A variation of 1.4 Hz was observed in the 
J y ,4 ' value of sucrose octaacetate when the spectrum was 
recorded in d6 -dim ethylsulphoxide (6 .6 Hz) and in deuterium 
oxide (5.2Hz). However this variation only signifies a change of 
7 °  in the torsion angle betw een the two protons, calculated 
using a modified Karplus equation. This shows that the 
structure of sucrose octaacetate is rigid in solution apart from 
slight flexing of the furanose ring. This is in  agreement with the 
results found for sucrose in  solution .90 There is also, little 
apparent variation in the conform ation o f the structure when 
acetate groups are rem oved as the heptaacetate and 
pentaacetate have very sim ilar coupling constants to the 
o ctaace ta te .
1 4 9
Sucrose octaacetate
d6-DMSO P 2O
a, b J /H z J/H z
1, 2 3.6 3 .5
2, 3 10.4 10.3
3, 4 9 .7 9 .9
4, 5 9 .7 9 .9
3 \ 4’ 6.6 5 .2
4',5' 6.6 5.3
1 '.2 .3 .3 '-4 '.6 .6 '-hepta-Q -acetv l sucrose
d6-DMSO
a, b J/H z
1, 2 3.6
2, 3 10.4
3, 4 9.5
4, 5 9.5
3 \ 4' 6.7
4 \  5* 6.6
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Appendix 2. Sucrose A cylations.
A considerable amount o f work has been carried out on 
the acetylation of sucrose, although selective acetylation in high 
yield was not achieved. Most of this has been based around the 
acetylation work carried out by Tate & Lyle as described in 
Chapter 1. Their work used lipase P from P seudom onas  sp. to 
catalyse the acylation of sucrose in pyridine. Isopropenyl 
acetate was used to provide the acetyl group. The process 
required a large amount of enzyme to  achieve a moderate yield.
Klibanov has reported that lyophilising an enzyme from a 
buffer solution at the optimum pH fo r catalytic activity, or from 
a solution containing the intended substrate, leads to increased 
activity when the enzyme is used in an anhydrous solvent.65-66 
To try this tw o enzymes, lipase P and subtilisin carlsberg, were 
both lyophilised from a phosphate buffer solution containing 
sucrose. They were then used to catalyse the acetylation of 
sucrose in pyridine and in dim ethylformamide . Two different 
acyl donors, isopropenyl acetate and vinyl acetate, were used. 
The reactions were kept at 60°C and followed by t.l.c. on silica 
gel.
The subtilisin catalysed reactions showed a greater rate of 
acetylation than the lipase P catalysed reactions with the 
reactions carried out in dim ethylformamide showing a greater 
degree o f acylation than those in pyridine. The reactions using 
vinyl acetate as acyl donor proceeded faster than those using 
isopropenyl acetate. Perdeuterioacetylation o f the reactions was
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carried out as described before. Analysis showed that there was 
some selection in the acylations in pyridine. The lipase P 
catalysed reactions showed selectivity for acylation at the C -l' 
position whereas with subtilisin the acetylation was at the C -6 
and C-6 ' positions. In the reactions carried out in 
dim ethylform am ide the reactions catalysed by lipase P showed 
selection for the C - l ' position and those catalysed by subtilisin 
showed some selectivity towards the C-2 position.
Control experim ents carried out using untreated enzyme 
showed that those containing the treated enzyme did have 
enhanced activity. Using enzyme freeze dried from phosphate 
buffer also produced the rate enhancement. The control 
experiment using just buffer salts w ith no enzyme showed a 
rate of reaction greater than that with just the reactants but not 
as fast as with the treated enzyme. Thus it appears that the 
buffer salts and the enzyme lyophilised from buffer have a 
catalytic effect on the reaction rate.
T.l.c. showed that the subtilisin catalysed reactions 
proceeded faster than those catalysed by lipase P. More 
products were observed probably indicating less selectivity of 
the position o f acetylation. The apparent change in the position 
o f acetylation with the subtilisin catalysed reactions in different 
solvents is also of interest.
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A ppend ix  3: D ata  from  the  an a ly s is  o f the  
d e a c e ty la t io n  e x p e r im e n ts .
D ata from the deacetvlation o f glucose pentaacetate.
The tctraaçgtatç class.
N.m.r. integral of each acetate signal 
(%) (integral of 6 -acetate= 100%)
Tim e % a-anom er p-anomcr
(min) .of total
4 3 6  1 2 3 2 4 6 1
4 0 57 97 8 8 1 0 0  0 85 9 8 9 7 9 9 1 0 0 0
6 0 5 6 1 0 0 89 1 0 0  0 8 8 9 8 87 96 1 0 0 0
7 5 33 1 0 0 9 9 1 0 0  0 98 1 0 0 9 2 87 1 0 0 0
9 0 2 5 1 0 0 84 1 0 0  0 84 1 0 0 9 1 94 1 0 0 0
1 0 0 4 1 0 0 87 1 0 0  0 89 1 0 0 9 7 1 0 0 1 0 0 0
1 5 0  0 .5
From the above data the com position of the tetraacetate 
class may be calculated.
% o f tetraacetate species.
T im e (min) 2 ,3 ,4 ,6 - 1 ,3,4,6- 1,2 ,4 ,6
4 0 5 4 .0 4 .0 3.5
6 0 5 0 .0 5.5 3 .0
7 5 30.5 2.5 0.5
9 0 24.5 3 .0 2 . 0
1 0 0 3.0 0 0
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The triacetate class.
N.m.r. integral of each acetate signal
<%) (integral of 6 -acetate = 100%)
Time % a-anomer ß-anomer
(min) .of total
4 3 6 1 2 3 2 4 6 1
4 0 2 1 6 6 5 5 1 0 0 7 5 4  56 5 1 6 2 1 0 0 0
6 0 3 7 75 5 3 1 0 0 9 6 4  52 59 7 4 1 0 0 0
7 5 5 2 83 4 7 1 0 0 8 5 6  59 5 6 6 8 1 0 0 0
9 0 6 0 78 5 1 1 0 0 3 6 9  62 6 6 7 2 1 0 0 0
1 0 0 3 9 81 4 9 1 0 0 8 7 7  55 76 84 1 0 0 0
1 5 0 1 4 6 2 4 0 8 77  4 9 78 6 0
The composition1 o f the triacetate class may be calculated
from the above data:
% o f each triacetate species.
Time (min) 2 ,3 ,6 2 ,4 ,6 - 3 ,4 ,6
4 0 7 .0 6.5 4 .0
6 0 15.5 1 2 .0 7 .0
7 5 2 1 . 0 18.75 8.5
9 0 2 6 .0 19.0 15.0
1 0 0 2 0 . 0 11.5 9 .0
1 5 0 6.5 2 .0 4.5
The diacetate class.
N.m.r. integral of each acetate signal 
(%) (integral of 6 -acetate=100%)
Time %  a-anom er ß-anomer
(min) .of total
4 0 0
4 3 6 1 2 3 2 4 6 1
6 0 6 27 4 2 1 0 0 0 3 0 44 24 3 1 1 0 0 0
7 5 9 2 2 4 5 1 0 0 0 32 45 28 2 6 1 0 0 0
9 0 1 3 29 3 7 1 0 0 0 33 47 27 2 6 1 0 0 0
1 0 0 2 1 1 9 3 9 1 0 0 0 4 2 5 0 33 1 8 1 0 0 0
1 5 0 3 7 15 5 3 1 0 0 0 3 2 61 29 1 0 1 0 0 0
1 5 0 49 3 2 1 0 0 0 1 7 36 1 5 4 9 1 0 0 0
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% of each diacetate species.
Time (m in) 2 ,6 - 3 ,6 - 4 .6 -
6 0 0 0 0
7 5 4.0 2.75 2.25
9 0 5 .25 3.5 3.25
1 0 0 9.5 7.5 3.75
1 50 21 .5 11.5 4 .0
O ther classes.
Time (min) P e n ta a c e ta te M onoaceta te Glucose
4 0 2 0 0 0
6 0 2.5 1.4 0 .9
7 5 2.4 1.2 1.8
9 0 0 .8 2.5 1.2
1 0 0 0 5.8 26 .0
1 50 0 2 3 .0 32.7
The deacetvlation of sucrose octaacetate.
The com position of the mixture by class (% )-small scale reaction. 
Time (hours)
A c eta te
c la s s
2 4 6 8 12 24 30 38 48 60 74 102
O c ta ac e ta te 95 86 81 73 65 27 14 10 0 0 0 0
Heptaacetate 5 7 9 5 9 5 4 1 0 0 0 0
Hexaacetate 0 4 2.5 5.6 6 10. 11 6 0 0 0 0
Pentaacctate 0 2 2.5 7.4 5 21 25 25 0 2 0 0
Tetraacetate 0 0 12 3.0 0 7 » 16 36 11 7 0
T riacetate 0 1 2 3 6 10 12 15 51 26 24 0
Diacetate 0 0 1 2.5 4.5 12 13 17 13 38 40 6
Monoacetate 0 0 0.4 0 5 6 9 8 20 23 56
Sucrose 0 0 0 0 0 0.7 3 1 3 5 38
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The composition of the m ixture by class (%).
Time (hours)
A cetate class 1 2 1 8 2 4 3 6 4 8
O ctaaceta te 6 0 .0 4 3 .0 2 7 .0 0 0
H ep ta ace ta te 9 .0 6 .5 5 .0 2 .5 0
H exaaceta te 6 .0 8.5 1 1 . 6 8 .8 4.1
P e n ta a c e ta te 5 .0 13.5 2 4 .9 30.7 8 .7
T e tra a c e ta te 5 .0 3 .0 11.3 21 .9 1 1 .2
T riace ta te 6 .0 7 .5 8 .2 15.4 14.3
D iacetate 4 .5 8.5 6 .8 1 0 .6 2 2 . 8
M onoaceta te 5 .0 5 .5 2 .2 4.1 27 .1
Sucrose 0 0 4.3 6 .4 1 1.8
The heptaacetate class.
Time
(hours)
N.im.r. integral of each acetate position
3 ’ 2 6 6 ’ r 3 4 4 ’
1 2 9.1 9 . 1 5 9 . 6 5 8.1 9 . 4 9.1 7 . 7
1 8 7 0 7 0 7 1 3 3 6 3 6 9 7 1 5 7
2 4
3 6
4 8
5 3 5 3 5 4 2 3 4 7 5 5 5 6 4 5
Analysis was carried out on these figures as described in 
Chapter Two. For example, tak ing  the data for the heptaacetatc 
class after 12 hours:
Taking the value of the C-3 acetate to be 100%, the 
percentage values are:
97%, 97%, 100%, 53% , 86%, 100%, 97%, 82% 
respectively.The decrease in the integrals of each acetate signal 
corresponds to the amount o f the heptaacetate species with that 
acetate group hydrolysed. This mixture therefore contains 47% 
of the 1',2,3,3’,4,4',6 -heptaacetate, 18% o f the 1’,2,3,3',4,6 ,6 '- 
heptaacetate and 14% of the 2 ,3,3 ',4 ,4 ,,6,6 '-heptaacetate, 
together with small amounts o f  the other possible species. A fter 
12 hours the heptaacetate class accounts for 9% of the total 
m ixture. From this inform ation the amount of each species in 
the total mixture may be calculated. For exam ple the major 
heptaacetate present as 47% o f  the class forms 0.47x9%=4.3% o f 
the total mixture.
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% of each heptaacetate species
T im e 1 \2 .3 ,3 \4 ,4 \6 2 ,3 ,3 \4 ,4 ,t6 ,6 ' V ,2 ,3 ,3 ,4 ,6 ,6 ’
1 2 4 .3 1.4 1.8
1 8 3 .45 0.7 2 .4
2 4 3.1 1.0 1.05
The hexaacetate class.
Time mass of 
(hours)mixture
3* 2
N.m.r. integral of
6 6 ' V
each acetate position
3  4 4 ’
1 2 1 3 .6 1 3 .0 13.5 0 .6 1 2 .6 1 4 . 2 1 3 .9 7 0 . 7
1 8 4 .7 4 .8 4 .5 0 4 .8 4 . 6 4 .8 0
2 4 5 .7 5 .6 5 .8 0 .3 5 .3 6 . 1 5 .8 0 .7
3 6 4 2 4 2 4 2 2 3 8 4 3 4 3 0
4 8  18mg 11 .5 11.2 1 2 0 11.1 1 1 .5 11.7 0
4 8  lOmg 4 1 4  1 4 2 2 8 13 4 4 4 4 4
% of each hexaacetate species
tim e (h o u rs ) r.2 .3 ,3 ',4 ,6 2 ,3 ,3 ’,4 ,6 ,6 ’ 2 ,3 ,3 ’,4,4',6
1 2 5 .4
1 8 8.5
2 4 1 0 .2 0 .6 0 .8
3 6 8.4 0 .4
4 8 3.1 1.0
The pemaacetate class.
Time mass of 
(hours)m ix tu re
1 2
3*
9.1
2
8.7
N.m.r. integral of
6 6 1 r
8.5 0 .2  0.5
each acetate position
3 4 4 ' 
9 .0  9 .3  0
1 2 4.3 1.5 4.2 0 .3 3.9 4 .3 3.7 0
1 8 2 1 m g 9.8 9.7 9.6 0 0.4 9 .6 9.6 0
1 8 4m  g 4.7 2 .8 4.3 0 2 .8 4 .6 3.8 0
2 4 4 0 m g 7.8 8.1 8.4 0 0.5 8 . 0 8 .0 0.5
2 4 3 m g 4.8 1.0 4.6 0 .8 5.3 5 .7 5 .6 0 .4
3 6 17.8 18.0 18.2 1.0 2 .2 1 8 .2 17.5 0
4 8 7.8 8.4 8.7 0.1 0.3 8 .9 8.7 0
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% of each pentaacetate species.
Time 2 ,3 ,3 ' , 4 , 6 r . 3 , 3 ’,4,6 r . 2 , 3 , 3 ' , 6 1‘, 2 ,3 ,4 ,6 1 , 3 , 4 , 6 , 6 ’
(hours) 
1 2 3 . 7 1.1 0 . 2 5
1 8 1 1 . 9 1.1 0 .5
2 4 2 2 . 9 1.5
3 6 2 9 . 2 0 .6 0 . 6
4 8 8 .3 0 .3 0.1 0.1
The tetraacetate class.
Time % of total N.m.r. integral of each acetate position
(hours)m ixture
3 ' 2 6 6 ' r 3 4 4 '
12 9.1 7.0 9.2 0 0.6 8.9 5.1 0
18 18m g 28.0 17.0 27.5 0 0 28.0 10.5 0
18 1 6mg 7.0 3.1 6.9 0 0 5.4 5.4 0
24 5 m g 1.25 5.80 6.95 0 1.25 6.85 6.80 0.8
24 2m g 9.1 7.4 8.2 0.2 2.4 6.8 8.3 0
36 87.25 44.25 112.0 3.75 36.75 89.5 86.0 0
48 0.9 0 .7 0.9 0 0 0.9 0 0
% of each tetraacetate.
Time
(h o u rs )
2,3,3',6 2,3',4,6
12 2.5 1.7 0.8
18 1.3 1.5 0.3
24 1.1 1.4 0.8
36 17.5
48 3.6
r .3 .4 ,6  r .3 ',4 .6  2,3,4,6 2,3,3,,4
0 .7  0 .7  6.8
7.6
159
The triacetate class.
Time % of total N.m.r. integral of each acetate position
(hours)m ixture
1 2
3 ’ 2 6 6 ’ r 3 4 4 '
1 8 
2 4
143 131 36 2 9 1 29 2 8 0
3 6 83 37 7 6 4 4 0 46 3 2 0
3 6 8 7 6 2 151 8 4 7 8 6 8 1 0
4 8 1 6 1 2 1 6 0 0 3 0.5 0
% o f each triacetate species.
T im e
(h o u rs )
2 ,3 ,3 ' 3 ,3 ' ,6 3 ',4 ,6 2,3 ', 6
1 8 4 .6 ( 3.4
2 4
3 6 ** **
4 8 10.9 3 .4
The triacetate sample for 24 hours was contaminated and so 
data could not be calculated. The class for 36 hours cannot be 
solved from the data, although the species indicated by ** are 
p re se n t.
The diacetate, monoacetate and sucrose composition is shown 
by the data at the beginning of the section.
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